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APPARATUS AND METHODS FOR THE SEPARATION, 
IDENTIFICATION, AND DETERMINATION OF THE 
CHEMICAL CONSTITUENTS OF PETROLEUM 


By Edward W. Washburn, Johannes H. Bruun, and Mildred M. Hicks 


ABSTRACT 


This paper contains a description of the following apparatus and methods: 

1. A rectifying still with a 20-plate column and with means for independently 
controlling and measuring the temperatures of the plates. The still is designed 
for distillation in a stream of an inert gas (CO2) with or without boiling. 

2. All-glass rectifying stills for vacuum distillation. They are heated by 
immersion in an electrically heated bath of nickel shot. 

3. Various types of molecular stills by means of which distillation can be 
carried out at any temperature at which the vapor pressure at the distilling 
surface is not lower than the degree of vacuum attainable. 

4. Methods and apparatus for fractionation by crystallization or melting. 

5. An apparatus for combustion analysis, with special provisions for purifying 
the oxygen employed and with all rubber connections eliminated. With the 
aid of this apparatus the formula for any hydrocarbon up to Co can be determined. 

The change in the iodine number of a petroleum oil produced by heating it for 
different periods and at different temperatures up to 370° C. in (a) air and (b) Ha, 
N,, and COs, respectively, has been determined, and it is shown that in the 
absence of air this change is greatly reduced. 

Evidence is presented showing that the hazards from exposed mercury surfaces 
ina laboratory are eliminated as soon as the mercury surface becomes contami- 
uated with a continuous layer of a heavy oil or grease. 
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. The effect of high temperatures upon petroleum in the presence of 
hydrogen, nitrogen, or carbon didxide- _-_-- --..--..---.2.2-2-- 


PART 4 
’. Glass rectifying stills for vacuum distillation 


21230°—29——-1 





468 Bureau of Standards Journal of Research 


2. Types of construction 
3. History of the molecular still____ 
4. Rate of distillation 


PART 6 

VI. Methods of fractionation by crystallization or melting and of deter- 
mining freezing-point curves. ___- 
PART 7 


VII. Apparatus for combustion analysis_ 


VIII. Summary 
PART 1 
I. INTRODUCTION 
By Edward W. Washburn 


In cooperation with the American Petroleum Institute, the Bureay 
of Standards is conducting an investigation, the object of which is 
the development of methods for fractionating petroleum into its 
chemical constituents and for identifying these constituents. An 
examination of the literature on the composition of petroleum dis- 
closes the reported existence of a large number of different hydro- 
carbons to which formulas and values of physical properties have 
been assigned. A study of the evidence presented in identification 
of these “compounds,”’ however, impresses one chiefly because of 
its inadequacy. In fact, with the exception of some of the lower 
boiling constituents, most of the compounds whose existence has 
been reported must be classed as purely fictitious in the light of the 
evidence at present available.’ 

Most of the previous work on the problem of the constitution of 
petroleum has rested almost entirely upon the results of fractional 
distillation, a process which is in many instances inadequate for 
effecting complete separation of the mixture into its constituents. 
In attacking the problem anew it was decided to fractionate by both 
distillation and crystallization, so that constant boiling mixtures 
might be broken up by crystallization and constant freezing mixtures 
by distillation. In this way complete separation can ultimately be 








1 See, for example, Burrell, Ind, Eng. Chem., 20, p, 602; 1928, 
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attained. The purpose of the present paper is to describe the 
apparatus and methods employed. 

In undertaking the present investigation it was decided to take 
advantage of the initial fractionation resulting from a commercial 
straight-run distillation of a petroleum sample from a single pool. 
Since the lower boiling fractions of such a distillation have been in- 
vestigated to some extent by other investigators, it was decided to 
start the present work with what is known commercially as the gas- 
oil fraction. Through the courtesy of Dr. W. Van Der Gracht, of 
the Marland Oil Co., of Oklahoma, a petroleum sample from the 
Oklahoma field was subjected to a straight-run distillation, and all 
of the fractions resulting therefrom were sent to the bureau. The 
eneral characteristics of these fractions are presented in Table 1.’ 


TaBLE 1.—Distillation of petroleum from No. 6 well of the South Ponca Field, Kay 
County, Okla. 


WILCOX SAND 








Wax Bottoms 


distillate (color, 


Property Naphtha Kerosene | Gas oil ! 
brown) 











Saybolt see 








Congelation _ .- 











Contained 0.28 per cent S. 


The first step in the further fractionation of the gas-oil fraction 
required a still of such capacity as to necessitate construction from 
metal. It was impossible to carry out the distillation by boiling under 
atmospheric pressure, since decomposition occurs at the temperatures 
required. The usual recourse under such circumstances is to employ 
vacuum distillation. A vacuum distillation, however, possesses 
certain disadvantages. In the first place the lowest boiling fraction 
contains hydrocarbons which are gases at ordinary temperatures and 
pressures, and this fraction would be lost in a vacuum distillation 
unless a collecting pump were employed. In the second place it is 
difficult to construct a still with gasket connections, for operation at 
relatively high temperatures, which will remain absolutely vacuum 
tight throughout the considerable period of time covered by the dis- 
tillation. The presence of very slight leaks would, it is true, not 
interfere with the maintenance of the necessary vacuum, since the 
vacuum pump could easily take care of them. Such slight leaks, 





* Since the receipt of this materia! a second lot of 1,000 gallons from the same well has been obtained and 
900 gallons are to be subjected to a commercial straight-run low-temperature distillation with 2 per cent 
cuts. Work upon the further fractionation of the lowest boiling of these fractions is now under way. 
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however, whose presence would be difficult to detect during {hy 
distillation, would result in the introduction of traces of oxygen jnty 
the still, and oxygen has a pronounced effect in promoting the cracking 
of hydrocarbon vapors at high temperatures. 

In order, therefore, to avoid the use of vacuum distillation, it wa 
decided to carry out the process in a series of isothermal steps iy 
each of which the temperature of the liquid in the still pot is kep: 
constant (and low enough to avoid cracking) while distillation js 
compelled to proceed by passing through the liquid a fine stream 
bubbles of previously heated oxygen-free carbon dioxide. They, 
after passing through condensers, this carbon dioxide is absorbed by 
a solution of KOH, above which remains the fraction composed of 
the uncondensed hydrocarbon gases. Previous studies, described 
below, demonstrated that under these conditions cracking is reduced 
to a minimum. Obviously, in this process the pressure both inside 
and outside the still is approximately atmospheric, being slightly 
higher on the inside so that no leakage into the still can occur. 

In constructing the still it was decided to provide the plates in the 
rectifying column with separate heaters and thermocouples so that 
the temperatures of these plates could be independently controlled’ 
and measured. ' 


PART 2 


Il, A RECTIFYING STILL FOR DISTILLATION IN A CURRENT 
OF INERT GAS 


By Johannes H. Bruun and Mildred M. Hicks 
1. THE DISTILLATION TRAIN 


The elements of the train will be described in the order of passage 
of the inert gas from its storage cylinder to its final absorption 
(See fig. 1.) 

(a) Tue PurtricaTion Train.—The CO, from its storage cylinder, 
1, passes first through two drying tubes, 2, filled with “dehydnite’ 
(MgClO,.3H,O), then through a flow meter, 3, into a pyrex glas 
tube, 4, filled with copper shavings and heated electrically to 650° (. 
Glass or copper-to-glass seals are used for all connections in this putt 
of the train. 

(6) Tot ManomeTer AND Sarety Vatves.—The CO, from the 
furnace tube passes first through a cooling coil and then past a merculy 
manometer, 5, provided with a safety valve, 6. (For details, 
fig. 2.) This manometer registers the total pressure of the gas, 
which in turn is determined by the depth of liquid in the still pot 
plus that on the plates of the rectifying column. 
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The safety valve acts with either increase or decrease of pressure 
to prevent any access of air to the gas stream. An automatic shut- 
off valve prevents any possible back flow of liquid from the still in 
the event of accidental interruption of gas pressure. 

The CO, enters the still pot at 7, first passing through a copper 
tube provided with an electrical heating coil. At the bottom of the 
still pot this tube is bent to form a large ring which is perforated so 
as to break up the gas flow into numerous streams of fine bubbles. 

(c) Tue Sritz Por (8 in fig. 1. For detail, see fig. 3)—The pot 
holds about 20 liters. It is made of welded steel and is joined to the 
column by a reinforced bolted flange sealed with a copper-ring gasket. 
The pot is heated by three independent electric heaters, one at the 


(7~ 
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Fig. 2.—Manometer and safety valve 


bottom and two coiled around the cylinder. A thermocouple is 
located about 2 inches above the bottom of the pot. 

d) Tue Fractionatine CoLtumn.—The column, 9, contains 20 
plates. Each plate is provided with an independent heating coil and 
alternate plates with thermocouples. These heating coils, together 
with the insulating covering of the column, serve to maintain the 
desired temperature conditions in the column and make it possible 
0 clear the column at the end of the distillation. The top of the 
column contains a reflux condenser, 10, the temperature of which (as 
indicated by a thermocouple) is controlled by circulating oil from a 
special heating and pumping system, 1/4, 20, 19, and 21. 

‘¢) Tae Conprensers.—The gas and vapor stream, after leaving 
the column, passes around a well containing a thermocouple and 
enters the first condenser, 12, through a copper tube, 11, provided 
with a heating coil to prevent the formation of a solid condensate. 
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tube is connected by a copper-to-glass seal to the inner tube of 
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a vertical Liebig condenser, 
cooled by air or water of con. 
trolled temperature. (For de. 
tail, see fig.3.) The condensate 
from this condenser is received 
in the graduated tube, 13, from 
the top of which the gas stream 
passes first through a water- 
cooled condenser, /5, and then 
through a series of conden- 
sers of decreasing tempers- 
tures as follows: 0°, —15°, and 
— 80° C. 

(f) Tur CO, ABsorBers.— 
From the last condenser of the 
train the gas passes through a 
series of saturated solutions of 
KOH which absorb the CO, 
and the residual gases are 
collected in bottles over KOH 
solution. 


2. DISTILLATION OF THE GAS 
OIL 


Before charging the still it was 
first assembled and tested for 
leaks by filling it with CO, at 
25 pounds pressure and allowing 
it to stand for 15 days. At the 
end of this time the gauge 
showed a pressure of 25 pounds. 
The still pot was then charged 
with gas oil to about three- 
fourths of its capacity. A 
stream of dry oxygen-free C0; 
at the rate of 150 em? per minute 
was first bubbled through the 
oil for five hours at room tel- 
perature in order to remove 
dissolved air and water. The 
temperature of the still pot was 
then gradually raised until all 
of the plates of the column were 
filled as shown by the reading 
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of the manometer. (Fig. 2.) The heating coils of the plates were 
then adjusted so as to give a controlled gradient of about 70°C. between 
the bottom and top plates of the column. The temperature of the 
reflux condenser was set about 2° lower than the temperature of the 
upper plate. As distillation proceeded, the temperature of the still 
pot was raised from time to time, with corresponding adjustments of 
the column, until the temperature of the liquid in the pot reached 
350° C. The column was then cleared by gradually raising the tem- 
perature of the plates in succession, beginning with the lowest one. 
Table 2 gives the results of the distillation. 


TABLE 2.—Distillation data 





Temperature, top of | Temperature, bottom | Volume 
column of column of fraction 





*¢c “¢. em 


it. 
WE OO CE irasicnnciccucn 
238 to 252 _) 3... See 
253 to 267 322 to 327. 


328 to 330 
-| 330 to 335___.....- 

















PART 3 


Ill. THE EFFECT OF HIGH TEMPERATURES UPON PETRO- 
LEUM IN THE PRESENCE OF HYDROGEN, NITROGEN, 
OR CARBON DIOXIDE 


By Johannes H. Bruun 


Before the selection of carbon dioxide as the inert gas for use in 
the distillation procedure just described, experiments were made with 
diferent inert gases to determine the effects of these gases upon the 
tendency of the oil to crack at the temperatures employed in the 
distillation. 

These experiments were carried out in the apparatus shown in 
igure 4. The entire assembly is made of pyrex glass. The gas 
employed is first purified, preheated, and then passed continuously 
into the oil, which is heated to definite temperatures for different 
intervals of time. The amount of cracking is estimated by compar- 
ing the iodine numbers of the oil before and after subjecting it to 
this treatment. The inert gas passes from its storage cylinder 
through a drying tower, 1, filled with magnesium perchlorate tri- 
hydrate and then into an electrically heated furnace, 2, containing 
copper shavings for the removal of oxygen (temperature 650° C.). 
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A cooling coil, 5, is placed next in the train, and this is followed }y 
a second drying tube, 6. The gas is then preheated, 7, and bubbled 
into the flask containing the oil in contact with copper and brass 
turnings. A mercury-seal safety valve, 8, is placed between the 
heater and the flask, thus taking care of any excess pressure. 

The inert gas is first allowed to bubble through the oil at room 
temperature for two hours in order to free it from dissolved or 
occluded gases or water vapor. The temperature is read from 
thermometer suspended in the flask. The flask is provided with 4 
reflux column kept at room temperature, using an air blast when 
necessary. A cotton-filled bulb in the gas outlet at the top of the 
column frees the gas from any oil spray, and the gas is then forced 


a he 


LY 




















Fig. 4.—Apparatus for studying cracking behavior 
1, Drying jar with Mg perchlorate trihydrate; 2, copper tube filled with copper shavings; 8, electrical 
heating coils; 4, potential meter and thermocouple; 5, cooling coils; 6, drying tube; 7, preheater; 8, mer- 
cury seal 
through a mercury seal. The hydrogen and nitrogen are allowed to 
escape, but the carbon dioxide is absorbed in a tower filled with a 
saturated solution of potassium hydroxide. Using the ‘‘wax dis 
tillate’”’ from the original distillation (see Table 1), the following 
results were obtained (Table 3): 


TABLE 3.—Cracking behavior of raw-wazx fraction in the presence of various gases 


jEFFECT OF NATURE OF GAS—THREE HOURS’ HEATING AT 370° C. 





| Iodine number 


Before After Increase 
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Tanne 3.—Cracking behavior of raw-waz fraction in the presence of various gases 
—Continued 


REFECT OF CO:—VARIATION WITH TIME OF HEATING AT 370° C, 


Iodine number 


‘ime (hours) 


-VARIATION WITH TEMPERATURE FOR A 20-HOUR HEATING 
PERIOD 


Iodine number 


Before 


ee na! 


‘ BOILING IN CONTACT WITH AIR FOR 20 HOURS WITH A RETURN 
CONDENSER 





B. p. (° C.) Iodine number 





Initial After 20 | Initial After 20 |, Tnerease 


hours | hours 





370 330 | 16.3 59. 1 








YaBLH 4.—Cracking behavior of refined wax' (coniaining 0.09 per cent sulphur) 
in the presence of CO, during 20 hours’ heaiing at various temperatures 





Iodine number 
#(° C.) = 


Increase 





0.1 
.9 
od 
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il 
vo} 
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5 | 
1. 7 | 
ing with concentrated PSO, this was 


v-wax fraction contained 0.28 per cent S. Aft il 
fell from 16 to 11.4. 


» 0.09 per cent. At the same time the iodine number f 

From these results it is clear that in the presence of these inert 

gases little change in iodine number occurs during prolonged heating 

ip to 320° C., and even at 370° the iodine number increases only one 
unit at the end of three hours’ heating. 
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PART 4 


IV. GLASS RECTIFYING STILLS FOR VACUUM DISTILLATION 
By Johannes H. Bruun 


The fractions obtained from the disillation in the large still are listed 
above in Table 2. The next step in the fractionation is to subject 
these fractions to further distillation in vacuo. For this purpose , 
series of all-glass stills of successively decreasing size is employed, 
These stills are all of the same general type which is shown in Figure 5, 
The rectifying column is vacuum or air jacketed and packed with ste¢l 
*‘jack chain.’’? 

The air jackets are provided with external heating coils to contr0l 
the reflux. Thermometers or thermocouples are used for indicating 
the temperatures of the still pot and of the top of the column. 4 
filling tube permits intermittent feeding of liquid into the still poi 
without breaking the vacuum and, by closing the stopcock and 
admitting CO, to the receiver and condenser, fractions can be 
withdrawn from the receiver without breaking the vacuum in the stil! 
proper. All stopcocks are partially sealed with mercury seals, and the 
still is heated by an electrically heated bath of nickel shot. This bat! 
is a good heat conductor, does not oxidize or smoke, and at any time 
can be rapidly cooled by means of an air blast. The still is connected 
through a liquid-air trap and an intermediate ballast (a 3-liter flask 
to a mercury diffusion pump and McLeod gauge. 

For each fraction at least three of the following properties are 
determined—density, initial freezing point, initial boiling point, 
refractive index, viscosity—and on the basis of these properties the 
fractions are combined for further fractionation by distillation, crystal- 
lization, or melting. A series of flow charts (illustrated in fig. 6) is 
kept, showing the complete fractionation history of each fraction. 
Up to date (August, 1928) the original 15-liter gas-oil fraction has been 
separated into over 600 different fractions. 

A preliminary combustion analysis and molecular weight determin:- 
tion on one of the still impure fractions (fig.15) indicated an empirical 
formula in the neighborhood of C,sH3.. 


PART 5 
V. MOLECULAR STILLS 
By Edward W. Washburn 


The higher melting paraffin waxes can be heated without decompo- 
sition only to temperatures at which their vapor pressures are very 
small. With the usual types of vacuum stills it has not generally been 
considered feasible to make separations at vapor pressures below a few 
millimeters; but many substances, which ordinarily are not distilled 


e- 





’ Dean, Hill, Smith, and Jacobs, Bureau of Mines, Bulletin 207, p. 9; 1922. 
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Fic. 5.—Rectifying still for vacuum distillation 
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Fic. 7.—Group of molecular stills 
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beeause they can not be heated without decomposition, can be 
rather easily distilled even at room temperatures by what may be 
called a “‘molecular still,” a type first used by Brénsted and Hevesy* 
for separating the isotopes of mercury. 


1. THE ESSENTIAL FEATURES OF THE MOLECULAR STILL 


The essential features of this type of still are the following: 

1. A high vacuum. For securing this vacuum, means should be 
available for producing a vacuum equal to, or preferably better than, 
ihe vapor pressure of the substance at the temperature at which it is 
to be distilled. 

2. A large and clean area of evap- B 
orating surface. 

3. A short distance between the 
evaporating surface and the con- 
denser. 

4. A sufficient temperature differ- 
ence between the distilling surface 
and the condensing surface. 

With a still constructed according 
to these principles such materials as 
mercury, paraffin wax, and calomel, 
for example, can be distilled at room 
temperature. It is not necessary 
that the substance to be distilled be 
in the liquid state at the distilling 
temperature, although fractionation 
without the necessity of provision 
for artificial stirring is, of course, : 
more rapid with liquids. YY 





























2. TYPES OF CONSTRUCTION 


Various forms of molecular stills are 
shown in accompanying Figures 7, 8, A 
9,10, and 11. In all cases the sub- 
stance to be distilled is placed in 
the receptacle A and the cooling agent (for example, liquid hydro- 
gen, liquid air, carbon dioxide snow mixed with a suitable liquid, ice 
and salt, ete., according to the temperature gradient required) is 
placed in the receptacle B. The forms shown in Figures 10 and- 11 
make it possible to distribute the substance to be distilled in a layer 
over the interior surface of the vessel A, with consequent increase in 
the rate of distillation. The temperature of the substance in A during 
the distillation is controlled by immersing this part of the apparatus 


Fig. 8.— Molecular siill 





‘Bronsted and Hevesy, Phil. Mag., 43, p. 31; 1922. 
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in a suitable bath (for example, mercury) provided with a means for 
regulating its temperature. 

The forms shown in Figures 8 and 11 are designed to permit the 
easy removal of the distillate. In the case of the forms shown jp 
Figures 9 and 10 separation may be effected (a) by pipetting out or 
dissolving out the undistilled residue, (6) by freezing the undistilled 
residue, inverting the apparatus, melting the distillate, and allowing 
it to flow into a position from which it can be removed by a pipette, 





VACUUM! 
WALL] 


‘WAX SEAL 




















a 
Fre. 9.— Molecular still 


or (c) by breaking the apparatus. Various other forms of construc- 
tion are obviously possible. 


3. HISTORY OF THE MOLECULAR STILL 


The rate of distillation under conditions analogous to those which 
prevail in this type of still has been employed by Langmuir and others 
as a method for measuring the vapor pressure of metals at high tem- 
peratures. The theory of the process is fully discussed in Langmuir’s 
papers and need not therefore be repeated here. 

Apparently the only application of the molecular still for purposes 
of purification by fractional distillation is that described by Brénsted 
and Hevesy, who used it to separate the isotopes of mercury.’ It 
should have, however, a wide range of utility as a general laboratory 
method, particularly for substances which can not be distilled by 
the customary methods on account of decomposition. 


4. RATE OF DISTILLATION 


Under conditions such that no recondensation occurs on the 
evaporating surface the rate of distillation of a given molecular 


* See, for example, Jones, Langmuir, and Mackay, Phys. Rev., 30, p. 201; 1927; and the literature there 
cited. See also Knudsen, Ann. Phys., 47, 697; 1915. 
6 See footnote 4, p. 477. 
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species in a molecular still may be calculated by means of the Lang- 


1 
n= pSq/ 5 (1) 


muir equation 

















4 
 esagil 


Fig. 10.— Molecular still. Dewar-flask type 
The tube 7 may be placed in either of the two positions shown 


in which 7 is the number of moles of the substance which distill in 
one second, p is its vapor pressure at the evaporating surface at 
T° K., and S is the effective area. M is the molecular weight and 
R the gas constant. For example, if M=400, p=0.001 mm Hg, S= 
10 cm’, and 7=300° K., we find 





we ‘ tee sg eR ie anal 
Re SESE 10/5 % 3.14 X8.32 X 10° X 300 X 400 
=17X 10~mole;sec. = 0.7 mg/sec. 
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The actual rate of distillation will, in general, be less than the cal- 
culated value, owing to some reflection of molecules from the con- 
densing surface, but such reflection will at worst never amount to 
more than 90 per cent,’ so that the actual rate will never be less than 
0.1 of the calculated rate if the temperature of the condensing surface 


BY 





A\ | ROUND JOINT 


/ 
































Fic. 11.— Molecular still 


is low enough, if the evaporating surface is clean,’ and if the vacuun 
is high enough. 


5. SELECTION OF THE COOLING AGENT 
The cooling agent may be selected from the following considera- 
tions: pe=the vapor pressure at the temperature 7’ (°K.) of the 
evaporating surface, and p.=the desired vapor pressure at the tem- 
D 
perature (7’— At) of the condenser. Let Pe_y Then 


Att at "approx. 


logy z+¢ - 


in which 7, is the normal boiling point in °K. If this is known, 
the constant ¢ can be obtained from International Critical Tables, vol- 





7 Langmuir, Phys. Rev., 7, p. 176; 1916; and International Critical Tables, 5, p. 53. 
* Clean; that is, free from a layer of lower volatility. v. infra. 
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ume 3, page 246. This relation assumes that the condensate is in 
the form of a supercooled liquid. In many cases it will be crystalline, 
in which case the required At will be smaller than that given by the 
above relation. 

The following example illustrates the use of relation (2): If we 
take c= 100, which is large enough for any practical case, and if we 
put 7’=300° K. (room temperature), relation (2) becomes 


300 X 2 600 


MESTET, TFET, (2a) 


T T 


Suppose the substance to be distilled is anthraquinone, for which 
T,=653° K. This substance falls in Group 0 of Table 3 (I. C. T., 
vol. 3, p. 247) and from Figure 1 (p. 246) we find ¢ =5.0 at t, =380°C., 
From figure 2 (p. 247), using benzene as the type substance, we find 


; . x Zz .a00 
that ¢ increases about 0.5 unit between -=1 and 7-=*~,- Hence, 
T3 y 653 


substituting in equation (2a) we have 


600 600 » 420 
Ait 5 55.5x 653 *12.9**° 


300 


The temperature of the condenser should therefore be —19° C. or 
lower. 

In many cases the normal boiling point of the substance will not be 
known. For such cases a safe upper limit for At may be computed 
hen’ oe 
~ 2+1.5¢ 

for the distillation of organic compounds at room temperatures it 
will usually suffice to take At ¢60°. 

In this connection it should be pointed out that the ordinary type 
of still, in which the temperature difference between distilling surface 
and condensing surface is small and in which the rate of distillation 
is proportional to the difference between the two vapor pressures, is 
also capable of practical operation for distillations with vapor pres- 
sures as low as 0.05 mm., if the condenser is placed within the dis- 
tillation chamber as in the apparatus described by Volmer.® 


by taking 731.57, which gives (forr=100) Atmas. 


6. AZEOTROPIC MIXTURES 


If the mixture which is being distilled is an azeotropic mixture, no 
separation is secured in the ordinary types of stills. In the molecular 
still, however, fractionation of such a mixture will, in general, result, 





‘Volmer, Z. angew. Chem., 34, p. 150; 1921. 
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(1) it is evident that the rate of evaporation of a given moleculg 
species is determined not alone by its partial vapor pressure, but also 
by its molecular weight. There is, however, also a condition under 
which no fractionation will occur in a molecular still, namely, whey 


the ratio 2! u) is equal to the molecular ratio”! in the liquid 

D2 NM, Ne {Ul 
phase, for each of any two molecular species present. Under thes 
conditions the condensate would have the same composition as the 
original liquid. For mixtures which are ideal solutions this is equivs- 


lent to the condition that the ratio 4 shall be the same for all molee- 


ular species present, p, being the vapor pressure in the pure state. 
Since, however, for members of the same homologous series »p, 
decreases as M increases, fractionation of such mixtures in a molecular 
still is advantageously affected by the variations in both p, and I. 


= m n1(MW*_. ‘ 
The condition that —=— (5 might, however, conceivably cecur 
N2 Pe M, ‘4 


quite as frequently as the condition of azeotropism in ordinary dis 
tillation. The case that any mixture will satisfy the conditions for 
distilling in unchanged proportions by both methods is limited to 
mixtures of substances of equal molecular weights and equal vapor 
pressures at all temperatures and will never be encountered except 
with mixtures of two optical isomers. Hence, practically every mix- 
ture should be subject to fractionation in either the usual still or the 
molecular still. It might, of course, be possible that a series of alter- 
nate fractionations by the two methods would be necessary to accom- 
plish the most complete separation, if distillation alone is employed. 


7. ILLUSTRATIVE EXPERIMENTS 


A sample of paraffin wax having an initial freezing range of 54.1 to 
51.7° was separated into two fractions by a single distillation at 55° C. 
in the still shown in Figure 9, using carbon dioxide snow as the cooling 
agent. The distillate had a freezing range of 48.6 to 48° and the 
residue a freezing range of 57.1 to 56.5°. 

A sample of cane sugar was distilled at 120° C. The distillate was 
a white solid, sweet in taste and dextro rotatory in aqueous solution, 

Another example of the use of stills of the general type shown in 
Figures 8 and 10 is described in connection with Brénsted and 
Hevesy’s experiments on the isotopic separation of mercury.” 

Since mercury is a convenient substance for testing the efficiency 
of a given type of molecular still with reference to the rate of dis- 





© See footnote 4, p. 477. 
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tillation obtainable in practice as compared with the rate calculated 
from equation (1), an experiment was carried out with mercury in 
the still, shown in Figure 10. The lower part of the still containing 
the liquid mercury was immersed in a bath of mercury kept at 0° 
by means of an ice pack. A thermometer inserted through the side 
arm indicated the average temperature of the distilling surface dur- 
ing the distillation. Liquid air was placed in the inner chamber B. 
The following results were obtained: " 


Time of Cum ns oe So a 5 SEA CE hours.. 40 

Area Of CimtAEIGR RON ol ee gr ltcnts ei amemeget~-G«--s+- em?__ 48.0 
Temperature of distilling surface._--..............---.--.-.-- “C__. —0.2 
Vapor pressure at distilling surface____-........--.--------- mm_. (0. 00018 
Weight of distillate obtained._................--...-...------ g.. | 42 
Weight.of CiMmeamenee ORICA i ib hy sl bn oe do... |,;42 

FOR CIOR OY aor a a at 2 rata are eras npa ores per cent... 84 


The test experiments with the molecular still on mercury, paraffin 
wax, and calomel were carried out by Mildred M. Hicks; those with 
cane sugar, by Dr. R. T. Leslie and S. T. Schicktanz. 


PART 6 


VI. METHODS OF FRACTIONATION BY CRYSTALLIZATION 
OR MELTING AND OF DETERMINING FREEZING-POINT 


CURVES 
By Mildred M. Hicks 


In addition to its value as a primary method, fractionation by crys- 
tallization or fusion is convenient for breaking up azeotropic mixtures. 
The fractionation may be carried out either with or without the use 
of asolvent. For the higher petroleum fractions, such as lubricating 
oil, petrolatum, or wax, the use of a solvent is usually desirable. 

The following solvents have been studied in this connection: 
Methyl alcohol, glycerol, ethyl ether, acetone, chloroform, carbon 





‘| Note on poison hazards from spilled mercury.—In recent literature attention has been directed to the 
dangers of mercury poisoning in rooms containing exposed mercury surfaces resulting from spilled mereury 
lodged in floor cracks and other crevices from which its removal is difficult. The vapor pressure of pure 
mercury at room temperatures is of the order 9.001 to 0.003 mm Hg, and if the air of the room were only 
partially saturated with this mercury vapor, continued exposure thereto might constitute a hazard. One 
experiment on the rate of distillation of mercury carried out as described above apparently throws some 
light upon the question. 

In this experiment the distillation was carried out for seven hours. Instead, however, of obtaining ap- 
proximately the theoretical yield of 9 g of distillate, no distillate whatever was obtained. Examination of 
the mercury surface showed that it was contaminated with a barely visible layer of stopcock grease which 
was apparently sufficient to completely stop appreciable vaporization in this period of time. It seems prob- 
able, therefore, that the hazard from spilled mercury in a laboratory soon disappears by the natural con- 
tamination of the mercury surface in a short period of time. In any case a spray of heavy oil on the sur- 
face of spilled mercury would appear to be an adequate means of eliminating all hazard in ventilated rooms. 

This is also the conclusion reached by Gaede (Ber. Naturforsch. Ges. Freiberg i. Br., 18, p. 174; 1911), 
who found that the vapor pressure of Hg at room temperature, as registered in his manometer, fell from 
0.0013 mm to zero after admitting air from the room (apparently through a stopcoek) and again reevacuat- 
ing, and then slowly rose to only 0.00007 mm after several hours. 
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tetrachloride, carbon disulphide, acetic acid, benzene, toluene 
petroleum ether, and kerosene. Of these, ethyl ether was found to }y 


p 
































Fic. 138.—Appara- 
tus for determin- 
ing time-temper- 
ature cooling 
curves 


one of the best, and it has been the principal ox. 
employed thus far. The fractionation may }y. 
carried out by any one or-more of the following 
procedures: 

1. By cooling the solution. 

2. By evaporating the solvent at any controlled 
temperature. 

3. By precipitation with a second solvent. 

4. By complete solidification of the solution, 
followed by equilibrium melting. 

All of these procedures have been used, but 
the fourth one * has proved most convenient for 
most of the work up to the present. In this pro- 
cedure the solidified solution is placed on a porous 
support in a vacuum-jacketed funnel fitted with « 
thermometer and stirrer. The melting mass is 
stirred so as to maintain equilibrium, and _ the 
liquid fractions which drain through are removed 
from time to time in accordance with the thei- 
mometer readings. Some forms of vacuum 
funnels employed for this purpose are shown in 
Figure 12. 

.The time-temperature cooling curve is a con- 
venient index of the progress of the fractionation. 
For obtaining this curve the apparatus shown in 
Figure 13 is employed. Some typical curves 
obtained in this way are shown in Figures i4, 
15, and 16. The values in the F. P. column are 
the initial freezing points. 

t may be stated at this point that in the 
present investigation there has been found no 
petroleum fraction which can not be completely 
and readily obtained in crystalline form. Frac- 
tionation by crystallization is therefore possible 
at any stage of the work except possibly in the 


case of tarry or asphaltic materials. These have ‘not been studied. 


12 See also Timmermans and Martin, J. chim. phys., 23, p. 6; 1926. 
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Fic. 12.—T ypes of vacuum funnels 
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Fig. 14.—Typical cooling curves 
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ILLUSTRATION OF BEHAVOIR BEFORE FRACTIONATION 


ia. 15.—Cooling curves of gas-oil fractions after extensive fractionation by 
both distillation and crystallization 
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3 ILLUSTRATION OF BEHAVOIR BEFORE FRACTIONATION 


Fic. 16.—Some cooling curves of fractions subjected to 
distillation only 
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Fia. 18.—Apparatus for combustion analysis. Kind 
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Fic. 17.—Apparatus for combustion analyses 


A, oxygen tank 

JB, flow meter 

C, furnace for the destruction of organic impurities. Contains a glass tube filled with palladized 

asbestos 

D, mercury seal joint (one on each side of the furnace) 

£, purification train filled with CaCl, ascarite, magnesium perchlorate trihydrate, and P2035. 
This train, by means of flexible copper tubing is connected to: F, ground-glass nonlubricated 
joint; G, the combustion furnace; H and J, water and CQ: absorption bulbs (all connectior 
are ground glass-to-glass joints) 
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Hicks 
PART 7 
VII. APPARATUS FOR COMBUSTION ANALYSIS 


By Johannes H. Bruun 


The combustion apparatus is illustrated in Figures 17 and 18. The 
only features not usually found in such apparatus are (1) the provi- 
sions for insuring the required purity of the oxygen and (2) the use 
of wax-sealed metal-to-glass or of glass-to-glass joints only, through- 
out the combustion train.® The following results obtained with the 
apparatus indicate the accuracy with which combustion analyses can 
be duplicated. With this degree of accuracy in the combustion 
analysis it is possible, with the aid, when necessary, of a molecular 
weight determination, to determine with certainty the empirical 
formula of any hydrocarbon up to Cy. 


TABLE 5 
COMBUSTION OF RESUBLIMED NAPHTHALENE (NOT PURE) 


a eee ss | 
Devia- | . | Devia- | 
H | tion ‘ | tion | 








6. 27 0. 02 93. 61 0. 02 99. 88 
6. 21 . 04 93. 66 - 03 99. 87 
02 


| 

Per cent Per cent Per cent 
| 

6. 26 -O1 93. 61 | | 99, 87 











Average 6. 25 | . 023 








RE Te CURE cto aa ee . 29 | | 93.71 | 





COMBUSTION OF A GAS-OIL FRACTION (LIQUID) 


13.66 | 0.02 86.10} 0.0% 99. 76 
13. 64 00 86.05 | .02| 99.69 
13. 61 .03 | 86.08 | - 99. 69 








| 
13. 64 | .017| 86.07 0: 99. 71 





PART 8 
VUl. SUMMARY 


This paper contains a description of apparatus and methods de- 
vised and employed for the fractionation of petroleum into its con- 
stituent hydrocarbons. They include the following: 

1. A rectifying still with a 20-plate column and with means for inde- 
pendently controlling and measuring the temperatures of the plates. 
The still is designed for distillation in a stream of an inert gas (CO,) 
with or without boiling. It is provided with a purifying train for the 
CO., with a series of condensers with stepped temperatures down to 
~80° C., and with a final absorber for the CO,. 





For quantitative data relative to the magnitudes of the errors arising from the presence of (a) rubber 
connections, (6) stopeock lubricants, and (c) impurities in the oxygen, see Lindner (Ber. 60 B: p. 124; 1927) 
au the literature there cited, 
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2. A set of all-glass rectifying stills for vacuum distillation. hes: 
stills have vacuum or air jacketed columns, mercury-sealed stopcocks. 
and provision for intermittent feeding of liquid and withdrawal oj 
fractions during the distillation. They are heated by immersion in ay 
electrically heated bath of nickel shot. 

3. Various types of molecular stills by means of which distillation 
can be carried out at any temperature at which the vapor pressure 
at the distilling surface is not lower than, say, 10~° mm Hg. 

4. Methods and apparatus for fractionation by crystallization o; 
melting. 

5. An apparatus for combustion analysis, with special provisions 
for purifying the oxygen employed, and with all rubber connections 
eliminated. With this apparatus the combustion analysis of a hydro- 
carbon can be duplicated. with the following average precision: 
Per cent C and H each to about +0.05. This makes it possible to 
determine with certainty the values of n and x in the formula 
C,Hon+x, for any hydrocarbon up to Cy. 

The change in the iodine number of the “wax-distillate” fraction 
of a petroleum oil produced by heating it for different periods and at 
different temperatures up to 370° C. in (a) air and (6) Hy, No, and 
CO,, respectively, has been determined, and it is shown that in the 
absence of air the rate of this change is greatly reduced, thus making 
it possible to distil petroleum at high temperatures without cracking, 
provided all air is excluded. 

Evidence is presented showing that the hazards from exposed 
mercury surfaces in a laboratory are eliminated as soon as the mer- 
cury surface becomes contaminated with a continuous layer of a 


heavy oil or grease. 
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RECOMBINATION SPECTRA OF IONS AND ELECTRONS 
IN CASIUM AND HELIUM 


By F. L. Mohler and C. Boeckner 


ABSTRACT 


Metuop.—Thermionic discharges in cesium and helium were operated to give 
strong continuous bands and spectrophotometer measurements of intensity dis- 
tribution were made in connection with probe wire measurements of electrical 
conditions. 

DiscHarGE Conprtions.—Excitation of these spectra is favored by high 
electron and ion concentrations of the order 10" per cc and low electron speed. 
Electrons have a Maxwell distribution of average energy between 0.15 and 0.4 
volt. 

IntENsITY.—Intensity depends on the ion concentration independent of dis- 
charge current and voltage. The increase with ion current is less than the 
square and nearly the first power at high intensity. Intensity increases rapidly 
with pressure. 

InteNsITy DistrisuTiIon.—Measurements of intensity distribution in the 2 P 
band of cesium and of electron velocity distribution were made under a variety 
of discharge conditions. Some measurements on the 3 D band are given. Pho- 
tographs and approximate intensity measurements on continuous bands of helium 
show a strong band beyond 2'P and fainter bands beyond 24S, 2'P, and 21S. 

ArrERGLowW.—By means of a sectored disk and commutator the spectrum of 
the cesium afterglow was photographed. It is characterized by a more rapid 
decrease in intensity of the continuous bands with decreasing wave length. 

ConcLusions.—Results on intensity distribution are explained on the basis of 
simple recombination, although absolute values can not be explained in detail. 
The relative values of probability of recombination as a function of electron 
energy are independent of discharge conditions. The form of the functions for 
the levels 2 P and 3 D of cesium are similar. The probability of recombination is 
proportional to 1/2 ./--»;. This corresponds by the principle of detailed balance 
to an absorption coefficient beyond the limit proportional to . 


CONTENTS 


I. Introduction 
II. Apparatus and procedure 

1. Discharge tubes 

2. Intensity measurements 

3. Electrical measurements 
IIT. General remarks on discharge conditions 
IV. Intensity and discharge conditions 

1. Intensity 

2. Intensity distribution 

3. Afterglow of the discharge 
V. Discussion 
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I. INTRODUCTION 


Another paper of the same title’ describes a type of thermioni. 
discharge in cesium which shows strong continuous spectra extend. 
ing to the violet from each series limit. The intensity of the cop. 
tinous bands was enhanced with increased current and vapor pres. 
sure in a manner consistent with the hypothesis that the radiatioy 
resulted from recombination. The paper included photographs of 
the spectra in potassium as well as cesium and visual spectrophoton. 
eter measurements of the caesium bands. 

The present paper describes experiments in which probe wir 
measurements of electrical conditions in the discharge were made jy 
connection with intensity measurements. It includes measurements 
in cesium and in helium. 

When an electron of velocity v recombines with an ion into ap 
energy level of limiting frequency », it will radiate a quantum o! 
frequency v where 


hv=hy,+ Yemr* 


Thus, the intensity J(v) at any frequency greater than », depend 
on the concentration of electrons of the corresponding speed, \~(: 
on the concentration of ions, Nt, and on a probability factor which 
is a purely atomic property. The probability can be expressed as 
the effective collision area times the electron velocity vq(w)). 
Equating the quanta emitted and the effective collisions 


J (v) /hv dv=ZN~(v) . Nt ° vg (vv;) dv (2) 


The summation extends over all limits of frequency less than », but 
in practice one level is usually predominant at any one frequency 
Unfortunately, inherent difficulties in the electrical measurements 
leave the values of the concentrations uncertain, so that only relative 
values of g(v,) are derived. There is a possibility that under the 
experimental conditions the random Stark effect of neighboring ion 
will seriously alter the values of this. A recent theoretical paper on 
Stark Effect and Series Limits* discusses the results obtained in 
the earlier paper® and shows that the limits of separate atoms may 
be diffused over a range of several hundred angstroms. Paschen' 
has made use of the Stark effect broadening of lines to estimate the 
ion concentration in helium discharges showing recombination bands. 








1 F, L. Mohler, Phys. Rev., 31, p. 187; 1928. 
2 Robertson and Dewey, Phys. Rev., 31, p. 973; 1928. 
3 See footnote 1. 

4 Paschen, Berlin Ber., p. 135; 1926, 
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II. APPARATUS AND PROCEDURE 
1. DISCHARGE TUBES 


Most of the work has been done with a quartz tube with a flat 
window at one end. A hot wire cathode (either tungsten or oxide 
coated platinum) was near the axis of a cylindrical anode with the 
ends closed except for slits for viewing the discharge. The probe 
was usually a platinum wire 4 to 10 mm in length and 0.5 mm in 
diameter, placed parallel to the axis within a centimeter of the 
cathode. In a general survey of discharge conditions a variety of 
robes have been tried, and in one tube the probe could be moved 
by an external magnet. 

The casium tubes were sealed off the pumps after outgassing, 
while in work with helium the gas was either circulated through 
charcoal in liquid air or at least kept in contact with the charcoal 
trap during the experiment. 


2. INTENSITY MEASUREMENTS 


A method described in the first paper has been adapted to photo- 
eraphic spectrophotometry. A region of the discharge close to the 


Sprobe was focused on the plane of the filament of an incandescent 


lamp, and this was focused on the slit of the spectrograph. Quartz 
fluorite achromats were used and the lamp was a quartz tube with 


iflat end plates containing a tungsten hairpin filament. This was 


calibrated in terms of color temperature versus current by an optical 
pyrometer. The procedure was to match the filament and discharge 
visually or by trial and then take a series of exposures, changing 


‘the lamp current}by convenient steps. The photographs showed the 


wave lengths at which a match was obtained, and the intensity at 
these wave lengths could be computed by Wien’ s law. 

In some work the intensity of the cesium 2 P band was measured 
by sighting an optical pyrometer with a green glass in the eyepiece 
directly on the discharge. The glass transmitted a narrow spectrum 
range near the head of this band. 


3. ELECTRICAL MEASUREMENTS 


The usual method of measuring probe characteristics was used 
except that because of the rapid variation in current it was necessary 
to correct the applied potential for the voltage drop across the leads 
and milliammeter. Voltages were measured relative to the anode. 

The theory developed by Mott-Smith and Langmuir * has been 
applied. At negative potentials such that only positive ions reach 
the probe the current J+ is given by the equation 


I*=NteaVeV,*/37M (3) 


* Mott-Smith and Langmuir, Phys. Rev., 28, p. 727; 1926. 


_—_—_ a. 








492 Bureau of Standards Journal of Research rr 


where N* is the concentration, V,* the average kinetic energy, and| 
the mass of the ions; a is the area of the sheath around the yw 
and changes with the voltage in accord with the space charge eqy 
tion. On the basis of published tables, a can be evaluated from 
value of /* at any applied potential V.® 

As the negative potential is reduced, electrons reach the pri 
and, in general, these fall in several velocity groups, the slows 
of these groups being by far the largest. Assuming that this gry 
has a Maxwell distribution, the current contributed by it is: . 


I-=a,N-eVeV,/3xm €?VPVo 
log I,—log I, =3/2 log € (V,—V2)/Vo 


where N- is the concentration and V, is the average energy of th 
electrons; a, is the area of the probe, while V;, V2, J, Jz are speciti 
values of V and J. The plot of log J against V is a straight lin 
if there is a Maxwell distribution, and the slope of this determines | 
The linear relation ends at V~o, and the coordinates of this disc 
tinuity give the space potential and N~. Note that V,* of (3) isn 
measured and JN* is not directly determined. 


Ill. GENERAL REMARKS ON DISCHARGE CONDITIONS 


The continuous spectra were excited in cesium with curren 
between 0.1 and 1.5 amps., applied potentials between 2 and | 
volts, and a vapor pressure of 0.05 mm or more. In helium coz 
parable currents were used at from 20 to 50 volts with a press 
between 2 and 15 mm. Under these conditions the potential dy 
is concentrated in a thin sheath around the cathode, while a diffs 
glow extending toward the anode shows the continuous bands. 1 
region of diffuse glow is characterized by high ion concentration «0! 
extremely low electron speed. Semilog plots of the electron curr 
are linear, which indicates that most of the electrons fall in a sing 
group with a Maxwellian distribution. The average energy } 
between 0.1 and 0.4 volts. Attempts to extend the current volt 
curves through the space potential were generally unsuccess 
Except with extremely smal! probes the probe current robs the ds 
charge before the space potential is reached. With small probes th 
currents tend to drift and become unsteady, presumably because « 
overheating. 

Results obtained with larger probes permit accurate determin 
tions of the average electron energy and the positive ion current, 3! 
it has seemed advisable to limit our attention to these measurement 
for the present rather than to sacrifice precision. 


— 





6 Langmuir and Blodgett, Phys. Rev., 22, p. 347; 1923. 
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The change in positive ion current with voltage was relatively 
small and could be accounted for by the space charge equation. In 
some cases a well-defined group of high-speed electrons was detected 
vith a maximum energy of 10 to 15 volts in helium and of 2 to 3 
olts in cesium. 

In spite of the incomplete data some estimate can be made of the 
pace potential N+ and N~. In the highly ionized force-free space 
N+ and N~ must be nearly equal. The average energy of the ions, 
’,+, will be intermediate between that of the gas atoms and that of 
he electrons, in an average case between 0.07 and 0.2 volt. This 
vives an uncertainty of about twofold in the value of N* in equation 
(3), and J~ at the space potential can be computed with the same 
neertainty assuming N~=WN*. The linear semilog plot can be 
extrapolated to this value of J~, and as the electron current doubles 
narange of about a tenth of a volt the space potential is deter- 
mined with an uncertainty of less than 0.2 volt. Measurements 
with a movable probe in a cesium discharge of 0.3 amp. at 5 volts 
ave the following results: At 6 mm from the cathode the average 
electron energy V. was 0.35 volt, and assuming an ion velocity 
orresponding to 1,000° K., N* was 1.510" per cc. The space 
potential V, was about +1.3 volts relative to the anode. Close to 

V,=0.22 volt, M*=1.3X10" and V,=+0.4. With a 
discharge of 0.1 amp. at 6 mm from the cathode, V,=0.22 volt, 
Nt=0.4X10" and V,=+1.0, while near the anode V,=0.19 volt, 
N+=0.27X10" and V,=+0.2. In general, V, increases near the 
athode and increases as the ion concentration increases. Because 
of the slightly positive space potential, ions diffuse to the anode as 
well as to the cathode, while slow electrons are to some extent im- 
prisoned in the space. 


IV. INTENSITY AND DISCHARGE CONDITIONS 
1. INTENSITY 


Measurements covering a wide range of current and voltage were 
made by sighting the optical pyrometer, with a green glass in the 
eyepiece, directly at a cesium discharge. Figure 1 gives a plot of 
the measurements of intensity against ion current, J+, at a vapor 
pressure of 0.25 mm. The intensity seems to increase nearly linearly 
beyond the current range of Figure 1, but the probe measurements 
become unreliable. The plot shows that within the limits of experi- 
mental error the intensity is determined by J/* and is independent of 
the particular discharge current and voltage used to give J*. Spec- 
trophotometer measurements in cesium and helium are in agreement 
with these results. In helium, as in cesium, the variation of intensity 
is much less than the square of the current and at least at the higher 
intensities is nearly proportional to the first power. 
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The intensity increases rapidly with the pressure for both casiy 
and helium. The relation has not been studied quantitatively, by 
exposures at 2, 3, and 4 mm of helium show an intensity ratio ¢ 
roughly 1 to 4 to 8. 


2. INTENSITY DISTRIBUTION 


It follows from equation (2) that on the basis of measyrements of 
electron velocity distribution and intensity distribution in a continy. 
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Fig. 1.—Intensity near 2 P limit of cxsium versus ion cur- 
rent to probe 
Crosses show measurements with discharges at 5 volts and currents between 
0.015 and 0.2 amp. Circles give measurements at voltages between 7.8 
and 1.5. 
ous band one can derive relative values of the probability of recom- 
bination as a function of the electron velocity. The 2 P band of 
cesium falls in a convenient region for intensity measurements and 
has been studied most carefully. 
A set of photographs and visual intensity matches combined with 
probe wire measurements were made under constant discharge con- 
ditions. The ion current was kept constant by slight variations i 
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he discharge current or voltage. The chief experimental difficulty 
vas the variation in vapor pressure during the series of exposures 
hich usually required about six hours. 

Figures 2 to 4 show two sets of data on electron current, intensity 
jistribution, and probability of recombination obtained under dif- 
erent conditions. For set J the cesium temperature was 190° C., 
snd the discharge was operated at about 7 volts and 0.9 amp. to give 
sn ion current of 14 m. a. and anion concentration of roughly 8 x 10" 
ver cc. For set JJ the cesium temperature was 198° C., discharge 
voltage 4 volts, current 0.55 amp., ion current 1.4 m. a., and con- 
entration 0.810". Figure 2 is a semilog plot of the electron 
urrents against the voltage for the two cases, and it shows that there 
s a strictly Max- 
ell distribution a 
about an average T 
nergy of 0.345 volt 
for set J and 0.281 
rolt for set JJ. 
Figure 3 is a semilog 
plot of intensity as 





eng th. 

method of plotting 
was chosen as the 
most convenient for 
interpolation. The 
difference in form of 
the two curves is 


Log current 











-1.2 -.§ ~.4 
Volts I 

Fia. 2.—Electron velocity distribution curves 

I gives V.=0.345 volt; IJ gives V.=0.281 volt 


error. Dividing the 
number of quanta 
at a given wave 
length by the relative number of electrons at the corresponding speed 
and multiplying by \?/v to transform to proper variables gives a num- 
ber proportional to v q (v, 2P). Figure 4 shows the two sets of com- 
puted values reduced to the same scale by a single arbitrary constant. 
Six other sets of data have been obtained, and the resulting » q (v) 
values fall close to this curve, although the precision was not always 
as good as in the cases illustrated. The average electron energy varied 
from 0.28 to 0.38 volt while the ion concentration ranged from 0.8 
to 15 X 10%, 

Visual spectrophotometer measurements have been made on the 3 
D band, together with measurements of electron velocity. Similar 
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intensity measurements are illustrated in the first paper.’ Li, 
spectra and the 2 P band seriously limit the range and precision ¢ 
the measurements. These data are included in Figure 6. 

The spectrograms of the helium discharge closely resemble put. 
lished photographs by Paschen ® of the spectrum of the hollow cathoj 
discharge. Continuous bands can be detected beyond the limits 2 'p 
2 °P, 21S, and 2 °S though the 2'P band is obscured by moleculy 
bands and the 21S band is masked by the stronger 2 *P band. Th 
degree of purity of the gas is an important factor. A trace of mercuy 
suppresses the helium molecular bands and facilitates observation ¢ 
the continuous bands, but traces of other common impurities mas 
the continuous bands completely. Figure 5 is a plot of the intensity 
distribution based 
on spectrop hoto. 
meter measure. 
ments. The esti. 
mates of intensity 
on the red side of? 
*P-and on the violet 
side of 2 °S are ex. 
tremely uncertain, 
The discharge con- 
ditions for this set 
of measurements 
were pressure 4 mi, 

discharge at i 

ots ays as5 volts and 0.5 amp, 
Wave Length average electron 

Fia. 3.—Intensity distribution in 2 P band of cxsium energy 0.25 volt, ion 
I for Vo=0.345 volt; JJ for Vo=0.281 volt concentration 10." 
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3. AFTERGLOW OF THE DISCHARGE 


A sectored disk and commutator were arranged so as to cut of 
the discharge and permit study of the spectrum of the afterglov. 
Only qualitative results have been obtained so far. An exposure to 
the cesium afterglow was made with a discharge of one ampere and 
disk speed of 1,500 r. p. m., giving a time interval of about 107 
second between cutting off the discharge and uncovering the spectro- 
scope slit. Comparison exposures on the direct discharge were made 
on the same plate. Higher series lines are somewhat stronger in the 
afterglow as was found by Miss Hayner in her study of the mercury 
afterglow,® but the contrast is less marked in this case as the recom- 
bination radiation is predominant even in the direct discharge. For 
the same reason recombination intensity does not reach a maximum 





7 See footnote 1, p. 490. 8 See footnote 4, p. 490. * Hayner, Zeits. f. Phys., 35, p. 356; 1926. 
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after the cut-off but seems to fade continuously. The most striking 
difference between the discharge and afterglow is that the continuous 
bands fade toward the violet much more rapidly. The intensity 
at 4,700 A, relative to that at the 2 P limit, is about half as great as 
in the spectrum of the direct discharge. This can be explained on the 
basis of electron velocity, which will quickly drop after the discharge 
is cut off. Assuming that the average electron energy in the dis- 
charge is 0.3 volt (2,300° K.), we estimate from the intensity change 
that the electron energy or temperature in the afterglow is roughly 
0.1 volt, or 800° K. As there will be 10° electron collisions in 10~* 
Volts 


0 04 14 25 37 5) 66 82 10 L2 
T at. T T T T T 











Limits 


—~—er__] 








1 i L i lL lL 1 i 
. 5000 4800 4600 4400 4200 4000 3800 3600 3400 
Wave Length 
Fic. 4.—The relative probability of recombination inio 2 P from data of 
Figures 2 and 3 
Crosses refer to set J and circles to set IJ. Abscisas are in wave lengths below and corresponding 
voltage values above 





seconds, it is not surprising that electrons have nearly reached equi- 
librium with the gas at 500° K. 


V. DISCUSSION 


The relation between intensity and ion current as illustrated in 
Figure 1, as well as the increase of intensity with pressure, can not as 
yet be satisfactorily explained. On the basis of the simplifying as- 
sumptions which were introduced in the discussion of discharge con- 
ditions, one would predict from equation (2) that the intensity should 
increase as the square of the ion current and be independent of the pres- 
sure. The observed increase is much less than the square. Thus, in 
Figure 1 the highest observed intensity is about a fifth of the com- 
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puted value.’”° The assumptions may well introduce an uncertainty 
of the order of twofold but there remains an unexplained discrepancy, 
As regards the effect of pressure, presumably the ion concentration \ 
increased by the combined effect of lower ion temperature apj 
changed probe characteristics, but this can scarcely account for th 
magnitude of the intensity change. Franck has proposed the theoy 
that an atom may recombine in the process of ionization by collision! 
with the emission of continuous radiation. The intensity in this cay 
would depend only on the number of collisions with high-spee 
electrons. We could find no correlation between the intensity an( 
the presence of such electrons in our experiments. 

The relation between intensity distribution and velocity distrihy. 
tion of slow electrons is entirely consistent with equation (2) and 
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Fia. 5.—Intensity distribution in the continuous spectrum of helium 


supports the theory of simple recombination. The form of the 
function v g (v, 2 P) was, within experimental error, the same for : 
range of average electron energy from 0.281 volt to 0.375 voli 
(Electron temperature 2,180° to 2,900° K.) It is also significant 
that the form of the v g (v) curve is independent of the ion concentr- 
tion which varied from 0.8 x 10" to 1510". We conclude that the 
influence of random Stark effect on the intensity distribution is nots 
serious source of error. The experimental conditions also covered 
quite a range of pressure and discharge voltage. 

There is a general relation based on the principle of detailed balance 
between the probability of recombination v q (v ») and the prol- 
ability of absorption B (v »,) at the frequency v corresponding to V." 


0 qg (v v= K, B ° v/Vv—v, 


The B, of course, applies to atoms initially in the state », and is quite 
unmeasurable except where this is the normal state. In the X-ray 





10 Later measurements with a spectrophotometer show that at low currents the intensity is proportions 
to the square of the current and the lower portion of the curve of Figure 1 is inaccurate. 

il Franck, Zeits. f. Phys., 47, p. 509; 1928. 

12 Milne, Phil. Mag., 47, p. 209; 1924, 
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range B is proportional to v~, and theoretical derivations show that 
in hydrogenic atoms it will approximate to the same law. Oppen- 
heimer '° finds by the methods of wave mechanics that the value of 
the exponent for atomic hydrogen varies from —4.3 at the limit to a 
minimum value of —3.5 for the normal level, and other levels vary 
slightly from this. The »— absorption law in equation (6) gives: 


v q(v) = Ka/v-yv-y, (7) 

He" has also derived the relation that v q (v) is proportional to (v-»,)~°? 

near the limit. This result and his absorption law are not consistent 
with equation (6). 

Direct measures of B for the continuous bands beyond absorption 

series limits are apparently invalidated by superposed molecular 











I 
i 1 
4 6 
Volts 





Fig. 6.—Relative probability of recombination 


I, Theoretical curve derived from »~ law for B 
II, vq (02 P) from Figure 4. Dots vg (v3 D) 
ITT, v q (v, 1 S) derived from photoionization measurements 


absorption,® but measurements of photoionization may be free 
irom this objection and independent measurements on the 1 S band 
ol cesium are in satisfactory agreement.’* !” The curve of Figure 4 


is drawn according to the equation 


vg (v, 2 P)=K/Pyv—y, (8) 


' Oppenheimer, Zeits. f. Phys., 41, p. 268; 1927. 

4 Oppenheimer, Phys. Rev., 31, p. 349; 1928. 

® Harrison and Slater, Phys. Rev., 26, p. 176; 1925. 

* Mohler, Foote and Chenault, Phys. Rev., 28, p. 37; 1926. 
" Little, Phys. Rev., 30, p. 109; 1927. 
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which fits the observations exactly. This gives B proportional ; 
v~*, and the absorption coefficient varies as v* or At. The fac 
v—», is predominant in giving the shape of the curve, so that th 
power of y is not determined with precision. In Figure 6, JJ is jy 
curve of Figure 4, while J is derived from the »“* lawfor B. The diffe, 
ence is probably greater than the experimental error. The dots ij 
Figure 6 are derived from the less accurate intensity measuremer; 
on the 3 D band. Curve JJ is derived from observed values of pho, 
toionization,'* and there is a serious discrepancy between this anj 
Curve JI which can not be explained. The V~*? law of Oppe. 
heimer gives a curve much steeper than JJ/J/. 

Curve JJ of Figure 6 shows that the probability of recombinatiq 
increases very rapidly as the electron energy decreases below 0.3 volt 
while above 0.5 volt the probability is small, and the rate of chang 
is small. A figure for the absolute value of the probability is of litt 
significance because of the discrepancy mentioned above, but the dat, 
of set IJ, Figures 2, 3, and 4, give a value of the order of 2X 107" en 
for the effective cross section for recombination into 2 P at 0.2 volt, 
This would mean that about 1 collision in 5,000 would result in such 
recombination at 0.2 volt. The chance would be four times as great 
at 0.05 volt and a third as much at 0.5 volt. 


WasHINGTON, October 30, 1928. 





18 See footnote 16, p. 499. 
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THE SPECTRAL ABSORPTION OF CERTAIN MONOAZO 
DYES 


_ THE EFFECT, OF POSITION ISOMERISM ON THE SPECTRAL 
ABSORPTION OF METHYL DERIVATIVES OF BENZENEAZO- 


PHENOL 
By Wallace R. Brode 


ABSTRACT 


Quantitative measurements of the spectral absorption of solutions of azoben- 
ene, benzeneazophenol, and the mono- and dimethyl derivatives of benzene- 
pzophenol in alcohol, aqueous hydrochloric acid, and aqueous sodium hydroxide 
pre recorded and their relationships discussed. Although the differences found 
n the spectral absorption of alcohol solutions or of hydrochloric acid solutions 
of the position isomers studied are small, marked differences are found in the 
absorption of 3 per cent aqueous sodium hydroxide solutions. 
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I. INTRODUCTION 
1, OUTLINE OF INVESTIGATION 


Probably no other single physical measurement is so characteristic 
of an organic compound as its spectral absorption. It is a means of 
identification and a measure of the purity and amount of the com- 
pound in the observed solution. The advantages of spectrophoto- 
metric analysis are particularly apparent in the examination of dye- 
stuffs, where color is an important factor. The high molecular weight 

22654°—29——1 501 
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of the average commercial dyestuff, together with its comp 
chemical structure and the presence of organic and inorganic jn 
purities, renders more difficult the determination of either its chemig 
or its other physical properties. 

It is natural, therefore, that the dye laboratory of the Bureay y 
Standards should include the measurement of spectral absorptioy 
among the observations which are being made in connection with th, 
collection of accurate quantitative data on the physical and chemic 
properties of dyestuffs.'_ Through the cooperation of the colorimetn 
section of the Bureau of Standards, apparatus is available for th 
accurate measurement of spectral absorption. This apparatus, to 
large extent, eliminates the instrumental and personal errors presen 
in many of the earlier researches in this field. 

The present paper is chiefly concerned with the relation between 
the spectral absorption and chemical constitution of the mono- and 
dimethyl derivatives of benzeneazophenol, in which but one methyl 
group is present in a benzene ring. These dyes have been pre. 
pared and purified, and accurate quantitative measurements have 
been made of their spectral absorption in three solvents. The 
solvents used were 95 per cent ethyl alcohol, concentrated hydn- 
chloric acid (35 per cent), and a 3 per cent aqueous solution of sodium 
hydroxide. Since this work deals with only one type of substituting 
group, the methyl radical, no conclusions can be drawn on the general 
effect of substitution, and the discussion of the results will necessarily 
have to be limited to a recapitulation of the data presented without 
predicting the possible effects of other substituting groups. 

In earlier papers data have been presented on the spectral absorp- 
tion of azobenzene ? and benzeneazophenol * in various solvents, and 
only such data on these compounds as may be essential to the clanty 
of the discussion and the correlation of the effects observed will be 
presented in this paper. 


2. NOMENCLATURE 


The nomenclature recommended in the report of a committee of 
the Optical Society of America‘ has in large part been followed. 
Scientific Paper No. 440° and Technologic Paper No. 338° of the 
Bureau of Standards have also been consulted in drawing up this 
set of definitions. The terms most used, symbolized by T, t, k, ¢,}, 





1 Appel, The Work of the Bureau of Standards on Dyes, Ind. and Eng. Chem., 18, p. 1341; 1926. 

2 Brode, J. Am. Chem. Soc., 48, p. 1984; 1926. 

* Brode, J. Phys. Chem., 30, p. 56; 1926. 

* Progress Committee on Spectrophotometry, J. 0. S. A. and R. 8. I., 10, p. 177, 1925. 

5 Gibson, McNicholas, Tyndall, Frehafer, and Mathewson, The Spectral Transmissive Properties of 
Dyes: 1. Seven Permitted Food Dyes, in the Visible, Ultra-violet, and Near Infra-red. B. S. Sci. Papers, 
18, No. 440; June, 1922. ; 

¢ Peters and Phelps, Color in the Sugar Industry: 1. Color Nomenclature in the Sugar Industry. 3.5. 
Tech. Papers, 21, No. 338; March, 1927, 
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vand f, are few in number, but in order to precisely define them other 
sms are necessarily given. 

The following terms relate to the rectilinear propagation of homo- 
neous radiant energy through a cell with plane, parallel sides (glass 
¢ quartz end plates) perpendicular to the direction of propagation, 
snd containing a substance in homogeneous solution in a solvent: 


T,..= the transmission of this cell and its contents and is defined as 
the ratio of the radiant energy passing the last surface of the 
cell to that incident on the first surface. 

T..v.=the transmission of the same or a duplicate cell containing 
solvent only. 

wot.= the transmittance of the solution contained in the cell and is 
defined as the ratio of the radiant energy incident on the 
second inner surface of the cell to that passing the first inner 
surface. 

T.ov.= the transmittance of the solvent only. 

T = fe =p =the transmittancy ’ of the dye in solution. 

The transmittancy, T, of a dye solution is the quantity obtained from 

the actual measurements. Since the transmission of the cell contain- 

ing the solution is always compared with that of a duplicate cell con- 
taining the solvent, losses by reflection from the ends of the cell and 
by absorption by the solvent are compensated. The negative 

ogarithm of the transmittancy, —log T, is a quantity which is a 

direct measure of the absorption of the dissolved material. It is this 

quantity, often called the extinction coefficient in chemical papers, 
which is plotted in the graphs accompanying this paper. 


= specific transmissivity; that is, transmittancy reduced to unit 
conditions as regards thickness and concentration. 

b= thickness of the absorbing solution. In the present paper 0.5 cm 
is taken as the unit of thickness, since all of the solutions re- 
ported were measured in a cell of that length, 

c= concentration of the dissolved material. A concentration of 
1.5X10~ gram molecule per liter of solution has been used 
as the unit in this paper. 


t=cb /T. This is an expression of Beer’s law. 


k= —log t= 5 (—log T) =the specific absorptive index. ® 


The specific absorptive index k is the characteristic quantity 
for any solution at any wave length or frequency in the spectrum. 





Transmittancy is generally designated in chemical publications as T 
and Troy. 2 


‘The report on spectrophotometry, ref. 4, and B. S. Sci. Paper No. 440, ref. 5, call this specific trans- 
hussive index, but see B. S. Tech. Paper No. 338, ref. 6, p. 265. 


where J and J, correspond to Tso1 
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As shown above, it is obtained from the observed transmittancy 

T, by simply dividing the negative logarithm of this number by thg 

product of the concentration and thickness of the solution measure 

}=wave length, the unit of which in this paper is the millimicroy 
myu= 107° m. 

v=frequency,® the unit of which in this paper is the fresnel, f- 
vibrations seconds Xx 10”. 

The spectral absorption data are presented graphically and jin 
tables. The graph form has —log y» T from 0.00 to 2.00 as ordinate 
and frequency from 350 f to 1,400 f as abscissas. It should be noted 
that —logiyT is plotted downward on the graph and, therefor, 
that the greater the absorption the farther a point will be from the 
top of the graph. The spectral absorption curve obtained by dray- 
ing a smooth curve through observed values plotted on the graph 
delimits narrow regions of relatively high absorption which ar 
called absorption bands. An absorption band is located in the 
spectrum by its position of maximum absorption; that is, the fre. 
quency of a band is taken to be the frequency of maximum absorption, 
Similarly, the magnitude of a band is the value of the specific absorp. 
tive index at the frequency of maximum absorption. For purposes 
of discussion, the observed bands are numbered, starting with the 
one of lowest frequency. In case a band is composed of smaller 
ones, the components are lettered in order from the low-frequency 
to the high-frequency side. The principal band is the one of greatest 
magnitude. 


Il. SPECTROPHOTOMETRIC METHODS AND APPARATUS 
1. PHOTOGRAPHIC METHOD 


The observations in the ultra-violet and extending into the visible 
portion of the spectrum were made by the Hilger sector photometer 
method. This method requires the use of three distinct pieces of 
apparatus—a source of continuous radiant energy, a sector photo 
meter, and a quartz spectrograph. (Fig. 1.)!° 

The source of radiant energy is a vertical high voltage spark under 
water, obtained by the use of a Tesla coil. The spark between the 
tungsten electrodes is approximately 12 mm in length and gives 4 
continuous spectrum from the visible throughout the ultra-violet 
as far as the system will record. Distilled water is run through 
the spark chamber during operation. 

The sector photometer consists essentially of two quartz wedge 
lenses, on one side of which are the rotating sectors and on the other 





* This is the trwe frequency. The term wave number or oscillation frequency often used is defined 
105 
=< 

10 The author is indebted to the colorimetry section of the Bureau of Standards for placing this entut 
apparatus at his disposal. 
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The cells used in this work were a special modification of tho 
described in Scientific Paper No. 440 " of the Bureau of Standards 
The essential difference is the use of half centimeter rings, and cove 
pieces of quartz which were of the same diameter as the outside 
diameter of the glass rings. (Fig. 2.) The advantage of the half 
centimeter rings and the smaller quartz cover is that they may ly 
used in a 1 cm holder to give a half centimeter cell, in a 2 cm holde 
by the use of a 1 cm ring to give a 1.5 cm cell, and similarly with, 
4 cm holder to produce a 2.5, 3, or 3.5 cm cell. A 0.5 cm cell was 
used in the work reported in this paper because it permitted a reduc. 
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Fic. 2.— Diagram of absorption cell used with the Hilger 
sector photometer method 











A, Quartz end plates; B, glass rings; C, brass parts; D, rubber washers 


tion in the time of exposure necessary in obtaining the data at the 
higher frequencies. 

In measuring the spectral absorption of a dye an exposure of 2) 
seconds is first made on the photographic plate of an aluminum spark 
in air to give the necessary lines for locating the frequency scale 
used in reading the plate. Next an exposure of 16 seconds, duration 
is made with the underwater spark, but without the cells in the cel 
rack of the photometer. This exposure is made to compare tle 
intensities of the two beams, which must be the same throughout 
the observed spectrum. The cell containing the solvent is now 
placed in one of the openings in the holder and the cell containing 





11 See footnote 5, p. 502. 
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the solution in the other. A series of exposures is then made, vary- 
ing the ratio of the apertures for each exposure. 

There results on the photographic plate a series of pairs of con- 
tiguous spectra. One member of each pair has undergone absorp- 
tion in certain regions and the other:member has been reduced in 
density throughout its whole length. At certain frequencies the 
photographic densities of the spectra may be equal, and at these 
frequencies the transmittancy is known from the relative apertures 
of the sectors. 

When enough exposures have been made, the cells are interchanged 
in the holder and the series repeated, thus giving data from which 
the possible instrumental error has been very largely eliminated.” 
The next to the last exposure is another comparison without the cells 
in the holder, and the last exposure is the aluminum spark in air to 
give the necessary reference lines for the reading of the plates. In 
general, 25 exposures were made on each plate and two plates were 
required for each solution. The observations were repeated for 
each dye, so that four plates were obtained for each different type of 
solvent. The plates known as ‘‘EKastman 36” (prepared by the 
Eastman Kodak Co.) were used in this work and proved quite 
satisfactory. 

The plates were read by superimposing an accurately ruled fre- 
quency scale and observing them over an illuminated milk glass. 
The frequencies of equal densities were then located, the values 
plotted in the curves being the average of several readings of each of 
the four exposures. 

In general, the data may be considered accurate within +3 f in 
frequency and within + 0.03 unit in —log,) transmittancy, although 
the accuracy is somewhat dependent on the shape, size, and position 
in the spectrum of the bands. 


2. VISUAL METHOD 


“he determination of the spectral absorption of these compounds 
in the visible portion of the spectrum was made on a Keuffel and 
Esser “Color Analyzer.” This apparatus, like the ultra-violet appa- 
ratus, uses rotating sectors for the variation of intensity. These 
are rotated with sufficient rapidity to eliminate flicker, and the 
opening of one of these sectors may be varied while they are in 
motion. The cells were for the most part the same as those used 
with the ultra-violet apparatus, although in some cases another type, 
previously described by the author,” was used. 











" See B. S. Sci. Paper No. 440, ref. 5, and also note R. Davis, Experimental Study of the Relation Between 
Intermittent and Nonintermittent Sector-Wheel Photographic Exposures, B. 8. Sci. Papers, 21, No. 528, 
Dp. 95-140; 1926. 

" Brode, J. Am. Chem. Soc., 46, p. 584; 1924. 
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The visual method was used for the alkaline and acid solutions 
but not for the alcohol solutions. The visual observations for th 
most part supplement the photographic observations, as the my. 
jority of the bands observed have their maxima in the ultra-viole, 
The points recorded on the graphs in this paper are the average of 
all the observations for that particular value of —log, T, including 
the photographic and visual results when data were obtained for the 
same point by both methods. The maxima of all the curves wer 
















































































Fig. 3.—The Keuffel & Esser “Color Analyzer” 


A complete description of this apparatus is given in a booklet issued by the company 


determined solely by the photographic method. The visual method 
was essential, however, in determining the shape of the first absorp- 
tion band near its base, where it was often beyond the range of the 
photographic method. 

The method used was to set the rotating sectors at values of —logy 
T and then to adjust the wave-length scale of the constant deviation 
prism until a match was obtained. The accuracy of this method is 
dependent on the shape, magnitude, and position of the band, the 
uncertainty being between +2 to 4 my in wave length (2 to 4/ 
and within + 0.04 unit in —log, T. 
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III PREPARATION OF DYES AND SOLUTIONS 
1. PREPARATION AND PURIFICATION OF DYES 


The dyes were prepared from materials of a chemically pure grade 
and were crystallized from alcohol. In general, one-sixth molar 
quantities and the same methods of diazotization and coupling were 
used for all of the dyes. The directions given by Fierz™“ for the 
diazotizing of aniline were used for all of the amines. The couplings 
were made according to the general directions for basic coupling 
given by Fierz and by Cain.” Mechanical stirring was used through- 
out the diazotization and coupling to insure complete reactions. 
The dyes were prepared separately at different times, and no general 
observations were made as to the relative ease of diazotization or 
coupling. In all cases coupling was effected without difficulty. 
The dyes were purified by at least three separate crystallizations 
from alcohol. The structural formulas of the dyes prepared are 
given in Figure 4. 

2. ANALYSIS OF DYES 

The dyes were analyzed according to the Kolthoff '* modification 
fof the Knecht and Hibbert ” titanous chloride method. The titra- 
tion results and the observed melting points, together with the 
melting points given in the literature * for these dyes, are recorded 
inthe accompanying table. (Table 1.) 


TaBLe 1.—Analysis and melting points 





Melting points 
Analysis 
by TiCls | 


| 
Observed | Literature 


| 
Per cent | "\, “~¢ 
Azobenzene 100. 0 | 








Benzeneazophenol 
| eR CS Ss See Bk OE > ee ES 99. 2 128 
Benzeneazo-m-cresol 98. 107 
0-Tolueneazophenol 5 





140 
151 
132 
113 


114 
106 | 
162 | 
135 | 


m-Tolueneazophenol 
p-Tolueneazophenol 
0-Tolueneazo-o-cresol 
0-Tolueneazo-m-cresol 





m-Tolueneazo-o-cresol 

m-Tolueneazo-m-cresol 

p-Tolueneazo-o-cresol 

gi ee ee Se a SS Se eee eee & 





co Crm Cw 





3. PREPARATION OF SOLUTIONS 


All of the dyes are soluble in alcohol and were measured in this 
solvent, in strong hydrochloric acid, and in dilute sodium hydroxide 





“ Fierz, Farbenchemie, Schulthess, Ziirich; 1920. 

* Cain, Synthetic Dyestuffs, Griffin & Co., London; 1923. 

* Kolthoff, Rec. Trav. Chim., 45, p. 169; 1926. 

" Knecht and Hibbert, New Reduction Methods in Volumetric Analysis, Longmans, New York; 1925, 
's Beilstein, Handbuch der Organischen Chemie, 4; 1899; Erginzungsband, 4; 3d ed.; 1906. 
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ution, with the exception of azobenzene, which could be measured 
alcohol and hydrochloric acid solutions only. The alcohol solu- 
ns were prepared as follows: 0.7200 g of benzeneazophenol or 
i450 g of its variogs methyl and dimethyl derivatives was dissolved 
95 per cent ethyF alcohol at room temperature and diluted to 500 
| at 20° C. (solution A). The alcohol was of good commercial 
ality and showed practically no selective absorption in the spectral 
vions studied. Fifty ml of solution A was diluted with alcohol to 
(ml (solution B) and 25 ml of solution B diluted to 250 ml (solution 
Thus solution C, which was measured, contained 2.88 cg per 
er of benzeneazophenol, or 3.38 cg per liter of the mono- and 
methyl dyes. 
The acid solutions were made by diluting 5 ml of solution B to 100 
| with the usual laboratory 35 per cent C. P. hydrochloric acid. 
e concentration of the dye in these solutions was then 1.44 cg per 
er of solution in the case of benzeneazophenol and 1.69 cg per liter 
the other dyes. It should be noted that these solutions and the 
saline solutions described below contained a small amount of 
“hol. 
The alkaline solutions were made by diluting 10 ml of solution B 
d10 ml of a 30 per cent solution of C. P. stick sodium hydroxide in 
tilled water to 100 ml with distilled water. The concentration of 
e dye in the alkaline solutions was the same as in the alcohol 
lutions. The concentration of the sodium hydroxide in the solu- 
ns measured was 3 per cent. 
The alcohol and hydrochloric acid solutions of azobenzene were 
epared in the same manner as the above solutions, using 0.825 g 
the pure compound. The measured solutions contained 3.30 cg 
dye per liter in alcohol and 1.65 eg per liter in hydrochloric acid. 


IV. EXPERIMENTAL DATA 


The experimental data obtained in the determination of the spectral 
sorption of azobenzene, benzeneazophenol, and all the mono- and 
methyl derivatives of benzeneazophenol, in which there is not more 
an one methyl substitution in a benzene ring, dissolved in alcohol, 
ncentrated hydrochloric acid, and 3 per cent aqueous sodium 
droxide, are given graphically in Figures 12 to 37 and numerically 
Tables 2 to 6. The data in the graphs are plotted on a form pre- 
sly described, and in each case the name of the compound, the 
vent, the concentration of the dye, and the cell length are given. 
ie points on the graphs are the average of all the observations made. 
e spectral absorptions of the dyes in alcohol and in hydrochloric 
id are presented on the same graphs. In all cases the band of lower 
bquency is the principal one of the curve for the hydrochloric acid 
lution, It should be noted that the concentration of the dye in 
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hydrochloric acid is one-half the concentration of the same dye jy 
alcohol. The spectral absorption of the dyes in an aqueous solution 
of sodium hydroxide, as well as that of benzeneazophenol in an aleo. 
holic solution of sodium hydroxide, are plotted on separate graphs 
because of the unusual behavior of the dyes in these solvents. As an 
aid in the general comparison of the various curves, most of them aye 
given on a greatly reduced scale in Figures 5, 6, 7, and 8. In con. 
paring the curves in these figures it should be remembered that only 
with compounds having the same molecular weight is the concentra. 
tion the same. 


TaBLE 2.—Frequencies of the absorption bands of solutions of compounds in 95 per 
cent ethyl alcohol 


[Values given in vibrations per 10-2 second] 





| 


fl 


| | | 
Compound ! | Band I? Band II | Band III) jii 
| 


670 947 1, 410 
635 | 855} 1, 280 


627 | 843 | 257 
055 840 | , 265 
667 847 | , 260 
635 855 | 274 
655 850 , 255 


605 839} 1,240 
650 833 1, 240 
650 843 1, 260 
650 | 836 1, 255 
652 | 838 1, 245 
670 | 831 1, 250 








1 The names of the compounds represented by these abbreviations are given in Figure 4. 
2 The accuracy of these values is considerably lower than in the other cases, because of the size and shape 
of the bands. ‘ 


TaBLE 3.—Specific absorptive indices of the absorption bands; that is, at the fre- 
quencies given in Tables 2 and 4, of solutions of the compounds studied in 95 per 
cent ethyl alcohol and in concentrated hydrochloric acid 





Solvents 
Centi- Alcohol 
Compound! reas 4 BIE. 
| per liter 














1 The names of the compounds represented by these abbreviations are given in Figure 4. 
? The accuracy of these values is considerably lower than in the other cases, because of the size and shape 
of this band. 
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Tasty 4.—Frequencies of the absorption bands of solutions of the compounds in 
concentrated hydrochloric acid 


[Values given in vibrations per 10-!? second] 





| | 
Compound ! Band I Band II /Band I114 a oT 














1 The names of the compounds represented by these abbreviations are given in Figure 4. 
? The accuracy of these values is considerably lower than in the other cases, because of the size and shape 


of the bands. 


TaBLE 5.—Frequencies of the absorption bands of solutions of the compounds 
studied in a 3 per cent aqueous solution of sodium hydroxide 


[Values given in vibrations per 10-2 second] 





Band I 
- | Band II 
A | | 











Compound ! 





| } 
| A A’ B B’ a 

(observed) | (analysis) | (observed) (analysis) Observed ? 
| | 


676 | 760 778 
| 
j 672 | 763 770 
| 672 ; 760 | 
5 | 672 
672 


672 | 








8 (690) 668 | 
665 | 665 | 
670 | 667 
670 666 
661 | 664 
668 | 664 | 





' The names of the compounds represented by these abbreviations are given in Figure 4. 

?The accuracy of these values is considerably lower than in the other observed cases, because of the 
flat shape of this band and its position in the far ultra-violet near the limit of observation. 

* Approximate values, 
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TABLE 6.—Specific absorptive indices of the absorption bands; that is, at the fy. 
quencies given in Table 5, of solutions of the compounds studied in a 3 per cen{ 
aqueous solution of sodium hydroxide 





Bands 


Compound ! I 


5 
A’ (anal- | B’ (anal- 
served) | served) ysis) | ysis) 


| 


oo 
to 


| 


| 


BSESS 


> 
S& 








on» 
S28 








PEPNPNN NNYNYNN Ww 


4 


| 
“40 | 
| 
1 The names of the compounds represented by these abbreviations are given in Figure 4. 
2 Approximate values. 





In Tables 2, 4, and 5 are given the observed values for the fre- 
quencies of the absorption bands. 

In Tables 3 and 6 are given the specific absorptive indices, k, 
of the compounds studied at the frequencies of the bands. (See 
Tables 2, 4, and 5.) These values of k are the corresponding values 
of—logiT taken from the graphs reduced to unit thickness and 
concentration. For convenience, the measured thickness 0.5 cm 
has been taken as the unit of thickness and 1.5 10~ g molecule per 
liter of solution as the unit of concentration. The latter is equivalent 
to 2.731 cg of azobenzene, 2.971 cg of benzeneazophenol, 3.182 cg 
of the monomethyl-benzeneazophenols, and 3.392 cg of the dimethy!- 
benzeneazophenols per liter of solution. With this unit of concen- 
tration the calculated values, k, are usually rather near the observed 
values, —logioT. However, Beer’s law was found to be applicable 
to the solutions over a much wider range of concentrations than are 
involved in the calculations of k. The values of k, Tables 3 and 6, 
represent then the absorption of molecular equivalents of the dyes in 
the different solvents at the frequencies of maximum absorption. 


V. DISCUSSION OF RESULTS 


1. ALCOHOL SOLUTIONS 


The spectral absorptions of azobenzene and benzeneazophenol 
have been discussed in previous articles ” and will be referred to only 
in relation to the absorption of the derivatives with which this paper 
is concerned. 





9 See footnotes 2 and 3, p. 502. 
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Table 2 gives the positions of the absorption bands of the solutions 
of the dyes in 95 per cent ethyl alcohol. There are three bands 
which are similar in character for all the compounds. The first 
band is small, the second prominent and narrow, and the third 
intermediate in size and shape between the other two. The numerical 
relationship between the positions of the bands of the individual 
compounds is given in the table. It will be seen that the frequency 
of the first band is 0.7640.05 time that of the second and the fre- 
quency of the third 1.49+0.02 times that of the second. This gives 
a whole number relationship between the frequencies of the bands 
of very nearly 3, 4, and 6 times some fundamental frequency. The 
introduction of the OH group into azobenzene, of the CH; group 
into benzeneazophenol, and of the CH; group into methylbenzene- 
azophenol is accompanied by a shift in the position of the bands to 
lower frequencies in most but not all cases. The relationship between 
the positions of the bands is apparently not altered by these changes 
in constitution. 

The specific absorptive indices of the absorption bands shown by 
the alcohol solutions are listed in Table 3. The introduction of OH 
into azobenzene is accompanied by an increase in the index of the 
second bard and a decrease in that of the third band. The specific 
absorptive indices of the second and third bands of the methyl and 
dimethyl derivatives are all smaller than the corresponding values of 
benzeneazophenol with the exception of the p’-substituted compounds, 
whose indices for the second band are larger than those of benzeneazo- 
phenol. The ratio of the index of the third band to that of the 
second is 0.86 for azobenzene, 0.52 for benzeneazophenol, and varies 
between 0.46 and 0.52 for the methyl and dimethyl derivatives. 
Thus, there is no decided shift in the relative absorption of the second 
and third bands in going from benzeneazophenol to its methyl 
derivatives, although there are variations in the absorptive indices. 
The variations in the specific absorptive indices of the first band are 
not significant, because the band is too small to be accurately 


measured. 
2. HYDROCHLORIC ACID SOLUTIONS 


Hydrochloric acid may behave not only as a solvent, but as a 
reagent. Addition compounds of this acid with some of the dyes 
discussed in this paper have been isolated, and it is probable that 
similar compounds may exist in the solutions measured. No attempt 
has been made to study the formation of such compounds, but a 
comparison of the spectral absorption of the hydrochloric acid solu- 
tions with that of the corresponding alcohol solutions indicates that 
the effect of the acid is not merely one of a solution, but is chemical in 
nature, and is not directly associated with the hydroxyl group. 
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Table 4 gives the positions of the absorption bands of the solutioy; 
of the dyes in concentrated hydrochloric acid. There are three band, 
similar in character for all of the compounds studied but entirely 
different from those of the compounds dissolved in alcohol. The fini 


LENGTH me 2 minncron + so 


Fie. 5.—The spectral absorption of solutions of benzeneazophenol and its 
monomethyl derivatives in 95 per cent ethyl alcohol (the right-hand principal 
bands) and in concentrated hydrochloric acid (the left-hand principal bands) 


The names of the compounds, the formulas of which are shown in the above graphs, are given in 
Figure 4. For data on these compounds plotted on a larger scale, giving cell thickness and con- 
centration, see Figures 13, 16, 18, 20, 22, and 24 


band is prominent and narrow, the second band is very small, and the 
third intermediate between the other two. The second band is located 
at a frequency approximately 1.45 times that of the first. The 
third band is located at a frequency 1.89 + 0.06 times that of the first. 
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Substitution is accompanied by a shift in the position of the bands to 
lower frequencies except in three of the dimethyl derivatives. 

The specific absorptive indices of the bands are listed in Table 3. 
The indices of the first band are considerably larger than those of the 
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Fig. 6.—The spectral absorption of solutions of the dimethyl derivatives of 
benzeneazophenol, in which but one methyl substitution occurs in a ben- 
ene ring, in 95 per cent ethyl alcohol (the right-hand principal bands) and 
in concentrated hydrochloric acid (left-hand principal bands) 


The names of the compounds, the formulas of which are shown in the above graphs, are given 
in Figure 4: For data on these compounds, plotted on a larger scale, giving concentration and 
cell thickness, see Figures 26, 28, 30, 32, 34, and 36 
principal band of the alcohol solution in each instance. The introduc- 
tion of the OH group into azobenzene and of the methyl groups into 
benzeneazophenol is accompanied by changes in the specific absorp- 
tive index of the first band analogous to those of the second band of 
the corresponding alcohol solutions. 
22654 °—_29-—_-3 
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[Vol, 9 
3. SODIUM HYDROXIDE SOLUTIONS » 


The action of a solution of sodium hydroxide is chemical in nature 
and is directly connected with the hydroxyl group in the molecule, 
so that data on azobenzene can not be obtained. 
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Fic. 7.—The spectral absorption ‘of solutions of benzeneazophenol and its 
monomethyl derivatives in a 3 per cent aqueous sodium hydroxide solution 


The names of the compounds, the formulas of which are shown in the above graphs, are given 
in Figure 4. For data on these compounds, plotted on a larger scale, giving cell thickness and 
concentration, see Figures 14, 17, 19, 21, 23, and 25 


The absorption spectrum of benezeneazophenol in a 3 per cent 
aqueous solution of sodium hydroxide has two principal bands. The 
first band is more than twice as strong as the second and, like those 
already described in this paper, is asymmetric with a larger portion 
of the base on the high-frequency side. It differs, however, from 





#” A portion of this section was presented before the Philadelphia meeting of the American Chemical 
Society, September, 1926. 
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the other bands studied in that it is broad at the peak and unsym- 
metrical, with an indication of being composed of two bands close 
together, the component of lower frequency being slightly stronger 
than the other. Confirmation of the presence of two overlapping 
bands is to be found in the data for the methyl derivatives of the dye 
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Fig. 8.—The spectral absorption of solutions of the dimethyl derivatives of 
benzeneazophenol, in which but one methyl substitution oceurs in a benzene 
ring 


v) 


in a 8 per cent aqueous solution of sodium hydroxide 


The names of the compounds, the formulas of which are shown in the above graphs, are given in 
Figure 4. For data on these compounds, plotted on a larger scale, giving cell thickness and con- 


9 91 


centration, see Figures 27, 29, 21, 33, 35, and 37 
, 


described below. The second principal band is located at 1,140 f 
and is broad and flat in character. 

The general characteristics of the spectral absorption of the mono- 
and dimethyl derivatives of benzeneazophenol are the same as those 
of the parent substance; that is, (1) two principal bands, the first 
being more intense than the second; and (2) the first band appears to 
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be composed of two components which together produce the observed 
band. Since this principal band appears to be composed of two 
parts and varies considerably in shape with different compounds, it js 
difficult to draw any conclusions with regard to the relation between 
either frequency or amount of absorption and chemical constitution, 
The general relation between the substitution effects and the fro. 
quency and magnitude of the bands is approximately the same gs 
observed in other solvents. The average frequency of these bands 
appears to be shifted toward lower values with increasing molecular 


00 





8 


°o 
> 
oS 





°o 
e 
—) 





LOG,, TRANSMITTANCY 
| io 
1S 


oS 


/ 
TH 
/ 
/ 
/ 
/ 
/ 
/ 
‘< 





















































700 


FREQUENCY 
vibrationat Geconds Xi0"} 


(b) 
Fic. 9.—The analysis of two observed curves into component curves 


Note that in the above curves, which show the greatest observed difference in the ratio of A’ to 
B’, the frequency differences of A’ and B’ is approximately the same in both cases. The shift in 
frequency of both components in case (6), as compared with the frequency of the same compo- 
nents in case (a), is approximately the same as that observed in alcohol and in hydrochloric acid 
solutions, when a second methy] radical is introduced into the molecule. The above curves repre- 
sent the spectral absorption of (a) benzeneazo-o-cresol, and (b) o-tolueneazo-m-cresol in a 3 per cent 
aqueous solution of sodium hydroxide. (See figs. 17 and 29.) Thez marks on the graphs indi- 
cate values calculated from A’ and B’ 


weight. The spectral absorption of compounds with p’-substitutions 
is greater than that with the other substitutions or of the unsubsti- 
tuded parent compound. By a method of analysis” it has been 





1 The analysis of these curves into their elements is based on two assumptions—‘1) that each composite 
curve has but two components and (2) that these two components have the same shape when calculated 
to the same height of band. The basis of the first assumption is that the general characteristics of all of 
these bands are such as to indicate but two main components. The observed bands may be composed of 
a large number of lesser components or ever lines, but, for the purposes of analysis and study, it may be 
assumed that these lesser components are equivalent in their aggregate to only two effective bands. The 
second assumption is based on the following facts. In the other solvents studied the general shape of 
each curve and the frequency relations between the bands were the same for all of the compounds. It is 
therefore reasonable to expect the same general relationships when an aqueous solution of sodium hydroxide 
8 used as a solvent. 

If these assumptions are accepted, then each of the observed composite curves can be analyzed into two 
component curves definite in shane and position. It does not follow, however, that all composite curves 
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possible to determine approximately the frequency and magnitude of 
the component bands which constitute the observed principal band. 
These data are given in Tables 5 and 6, together with approximate 
values obtained directly from the compound curves. The smaller 
band observed in the neighborhood of 1,150 f is extremely flat and 
varies considerably in shape with the particular compound, which 
indicates the possibility that it also is a compound band. 

In Table 6 are given the specific absorptive indices of the compo- 
nents A and B of the principal bands. These values include observa- 
tions made directly on the curves at the apparent maxima (A and B), 
and the data obtained by the analysis of the compound curves into 
their components (A’ and B’). Comparing these two sets of values, 
it may be seen that, while the apparent deviations in the data are 
of the same type and direction in both sets of values, the analytical 
values furnish a better estimate of the actual magnitudes of the two 
bands which compose the principal absorption bands. The general 
indications from both groups of data and from the varied shapes of 
the original curves are that there is an apparent equilibrium between 
two forms of vibration of the molecule, representing, possibly, slightly 
different molecular states, and that this equilibrium is influenced by 
the position of the substituting group in the benzene rings of the 
parent substance. 

Figure 10 gives the sum of the specific absorptive indices of the 
components (A’+B’). It has been noted in other solvents that sub- 
stitution in the the p’-position causes an increase in absorption. This 
generalization holds equally true in the case of an aqueous solution of 
sodium hydroxide as the solvent. Substitution in the o0’-position 
tends to decrease absorption as well as influence the relative magni- 
tudes of A’ and B’. 

The spectral absorption of benzeneazophenol, the parent substance, 
in an aqueous solution of sodium hydroxide represents what we may 
call a neutral equilibrium in which band A is of slightly greater 
magnitude than band B. This neutral equilibrium does not represent 
an equal amount of the two forms and may undoubtedly be influenced 
by changes in the character of either the basic substance or the solvent. 
For example, in the absorption spectrum of benzeneazophenol in an 
alcoholic solution of sodium hydroxide (fig. 15) the equilibrium has 
been shifted with an increase in B and a corresponding decrease in A. 
Two other curves closely resemble the neutral curve of benzene- 





can be so analyzed. The fact that all of the curves studied may be so analyzed lends additional weight to 
the assumptions. The suitability of the theory is further attested by the facts that (1) the frequency dif- 
ferences of the component bands in all cases are approximately the same, (2) there is an apparent equilib- 
Tium between the two component bands, dependent on the position of the substitution, so that as one 
band is increased the other band is decreased a corresponding amount. The general relations between the 

itudes of the bands, both observed and calculated (Table 6), are of the same general type. The 
analytical data, however, show more clearly the relative proportions of the two components in any one 


band, 
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azophenol, namely, those of the spectral absorption of the m’- (fig. 23) 
and p’- (fig. 25) substituted compounds. These two, together wit) 
the unsubstituted parent substance, constitute the neutral group oy 
series. In the case of the m’-substituted compounds there appeay 
to be practically no effect of any kind on either the equilibriun 
between A and B or the specific absorptive indices of these bands, 
In the case of the p’-substituted compounds there is an increase jp 
absorption, but the relative shapes of the bands and the ratio between 
A and B are the same as in the original compound without the 
p’-substitution. 


m of wm f° o'o om mo mm po pm 


fh om oe mm ££ Co Om mo rim po pa 
Fia. 10.—Specific absorptive indices at the frequencies 
of maximum absorption of the principal bands of 
solutions of the compounds studied in (1) ethyl alco- 
hol, (2) concentrated hydrochloric acid, and (3) a 3 
per cent aqueous solution of sodium hydroxide (A' +B’) 


(The abbreviated symbols for the compounds are explained in fig. 4) 


Substitution in the o-position (0 to the hydroxyl group) (fig. 17) 
causes a marked increase in the A band and a corresponding decrease 
in the B band, or, in other words, a shift of the equilibrium toward 
the A state. 

Substitution in the m-position (fig. 19) causes a shift of the equilib- 
rium in the opposite direction; that is, an increase in the B band with 
a corresponding decrease in the A band. The degree of shift of this 
equilibrium from the neutral state, however, is not as great as in the 
case of the o-substitution. 

Substitution in the o’-position (fig. 21) causes an increase in the 
B band with a decrease in the A band of about the same difference 
from the neutral ratio, but in the opposite direction to that caused 
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by the o-substitution. In addition, there is a suppression of both of 
the bands, so that the sum of the specific absorptive indices of bands 
A and B is considerably smaller than in the other cases. (Fig. 10.) 

The general effect of di-substitution on the specific absorptive 
indices of the two component bands is a combination of two separate 
directing forces. In the case of the 0’, o-substituted compound (fig. 
97) the effects are opposite in character and to a large extent neutralize 
each other. The o-substitution appears to have a slightly stronger 
influence than the o’-substitution, as the percentage of A present is 
slightly greater than in the neutral equilibrium. (Fig. 11.) How- 


Bb o'o o mio fo 
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~ - o- Neutral 
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-<-|-- -= (co) 
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om of m nm pm mn 
Fia. 11.—(1) Specific absorptive indices of the components of 
the principal bands of solutions of the compounds studied in a 3 
per cent aqueous solution of sodium hydroxide. A’=upper 
series, B’=lower series. (2) Percentage of the A’ component, 


, 
rulera of the principal bands of solutions of the compounds 


studied in a 3 per cent aqueous solution of sodium hydroxide 


(The abbreviated symbols for the compounds are explained in fig. 4) 


ever, the effect of the o’-substitution on the suppression of the bands 
seems to be only slightly influenced by the oppositely directed force 
of the o-substitution. In the 0’, m-substituted compound (fig. 29) 
the substituting positions influence in the same direction from the 
neutral equilibrium or level, so that there is an addition of the two 
effects and a slightly greater suppression of the bands due to the 0’-sub- 
stitution. The effect of the introduction of the second substitution 
in the m’-position on the spectral absorption of the compound is 
practically nil within the accuracy of the observations. There is 
possibly a slight increase in the specific absorptive indices of the 
bands of the m’, o-substituted compound over that of the o-substi- 
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tuted compound alone, and a slight lowering of the ratio of A to B 
In the spectral absorption of the m’, m-substituted compound ther 
is an indication of the same effect, although it is less prominent than 
in the m’, o-substituted compound. The influence of substitution 
in the p’-position, as mentioned before, seems to be merely to increase 
the absorption, an effect quite independent of the solvent used. 

In the graph (fig. 11) giving the.specific absorptive indices of com. 
ponents A’ and B’, those of B’ are plotted on an inverted scale, since 
from general observation it may be seen that as one band increases 
the other decreases. It is to be noticed that in eases which are normal, 
such as the unsubstituted, m-substituted, and m’-substituted com- 
pounds, approximately the same differences exist between the A’ 
and B’ values in the graph. Cases in which there is an intensification 
of the bands, p’-substituted compounds, show a difference greater 
than the normal values, and cases with suppressed bands, 0’-sub- 
stituted compounds, show differences smaller than the normal 
values. 

A comparison of the sum of the calculated specific absorptive 
indices of bands A’ and B’ for each compound with the indices of 
the principal bands of the same compounds in other solvents (fig. 10) 
lends confirmation to the theory that, in any particular compound, 
the equilibrium between the concentration of the tautomeric forms 
represented by the bands A and B is directly proportional to the 
specific absorptive indices of their respective bands. 

It appears that the sum of the specific absorptive indices of the 
component bands A’ and B’ bears approximately the same relation 
to the indices of the principal bands of the same compounds in other 
solvents. Hence, for each compound the ratio of A’/A’+B’ should 
give approximately the percentage of the A compound present and 
at the same time make the necessary corrections or allowances for 
the p’- and o’-substitution effects on the specific absorptive indices of 
both the bands. Table 6 gives these percentage values which, as 
may be observed, can be arranged in groups (fig. 11) representing 
different stages or levels in the equilibrium. 

Reference should be made to the works of earlier investigators which 
are closely related to the principal objects of this investigation. The 
methods and apparatus used by many of these investigators have 
limited the possible accuracy of their observations to such an extent 
as to preclude the detection of variations in the shape of the curves 
of the order observed in the study of the series of compounds de- 
scribed in this paper. Baly,* Purvis,* and Klingstedt * have 
observed the effect of p-substitution on the increase in the magnitude 





2 Baly, J. Chem. Soc., 107, p. 1058; 1915. 
% Purvis, J. Chem. Soc., 103, p. 1088; 1913. 
4% Klingstedt, Compt. rend., 175, p. 365; 1922. 
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of the band. This same effect, although not always mentioned, can 
be noted in the data of other observers. Among the series of data on 
the absorption spectra of isomeric compounds, where the isomerism 
consists of the change of the position of substitution in a benzene ring, 
may be mentioned the following: o-, m-, and p-xylene, o-, m-, and p-nitro- 
toluene, o-, m-, and p-cresol, and a number of other derivatives, which 
are for the most part given in the list of references to the absorption 
spectra of organic compounds published by the British Association 
for the Advancement of Science. With the exception of the general 
increase in magnitude of the bands of the p-substituted compounds, 
these data are of little aid in the prediction of the effect of substitution 
on the absorption bands. Recent work by Henri” and his coworkers 
on the absorption spectra of position isomers, in particular the xylenes, 
dichlorobenzenes, and toluidines in the vapor state, promises to be of 
considerable value in the determination of the relation between ab- 
sorption and chemical constitution. 


VI. SUMMARY 


1. The spectral absorption of solutions of azobenzene in 95 per cent 
ethyl alcohol and in-concentrated hydrochloric acid has been measured 
in the visible and in the ultra-violet to a frequency between 1,250 and 
1,450 f. 

2. The spectral absorption of solutions of benzeneazophenol in 95 
per cent ethyl alcohol, concentrated hydrochloric acid, and a 3 per 
cent aqueous solution of sodium hydroxide has been measured in the 
same regions of the spectrum. 

3. The 11 possible mono- and dimethyl derivatives of benzeneazo- 
phenol, in which there is but one methyl substitution in a benzene 
ring, have been prepared, and the spectral absorption of their solu- 
tions in the same solvents in the same regions of the spectrum as in 
the case of the parent compound, benzeneazophenol, has been 
measured, 

4. The spectral absorption of a solution of benzeneazophenol in a 
3 per cent alcoholic solution of sodium hydroxide has also been 
measured. 

From the data obtained the following generalizations may be made: 

1. An increase in molecular weight is, in most instances, accom- 
panied by a decrease in the frequency of the absorption band of these 
similarly constituted compounds. 

2. In any one solvent there appears to be a definite mathematical 
relationship between the frequencies of the observed bands. In the 
various solvents used the mathematical relationships between the 





* Annual Report of the British Association for the Advancement of Science; 1916. 
* Henri, Structure des Molécules, Herman, Paris; 1925. 
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observed absorption bands are quite different, indicating a cop. 
siderable change in the molecular states of the compounds. 

3. The introduction of a hydroxyl group into the p-position of the 
azobenzene molecule, forming benzeneazophenol, results, in addition 
to a decided shift in the frequency of the bands, in an increase in the 
magnitude and a narrowing of the principal band and a decrease jn 
magnitude and flattening of the other observed bands. This would 
indicate a shift of the vibrational intensity of the molecule to the 
frequency of the principal band. 

4. Substitution of a methyl group in the p’-position in benzeneazo- 
phenol results in an increase in the magnitude of the absorption bands, 
irrespective of the type of solvent. 

5. Substitution of a methyl group in the o’-position in benzeneazo- 
phenol results in a general decrease in the magnitude of the absorption 
bands. 

6. The principal absorption bands of solutions of benzeneazo- 
phenol and its methyl derivatives in a 3 per cent aqueous solution 
of sodium hydroxide appear to consist of two overlapping bands. 

7. The equilibrium which seems to exist between these two com- 
ponents is dependent on the nature of the solvent and the position 
of the substituting group. An o-substitution of the methyl group 
in the benzeneazophenol molecule causes an increase in the lower 
frequency component, with a corresponding decrease in the, higher 
frequency component. A m’- or o’- substitution produces a reverse 
effect, while the equilibrium is not affected by either a m’- or p’- 
substitution. 

The data presented in this paper suggest the possibility of a method 
of structural analysis for the determination of the position of a sub- 
stituting group in a complex organic molecule and a reverse of this 
process in the prediction of the spectral absorption of a compound 
of known structure. Additional data on the effect of substituting 
groups, including those of nitro, chlorine, bromine, carboxy, and 
sulphonic acid substitutions, are now being collected with this object 
in view. 

Fundamental data have been presented on the relation between 
spectral absorption and chemical constitution. 

Acknowledgement is made to W. D. Appel, of the dye laboratory 
of the chemistry division, for his assistance and advice in this work. 
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Fig. 12.—The spectral absorption of azobenzene (Bz) dissolved in 95 per cent 
ethyl alcohol (principal band at 947 f) and in concentrated hydrochloric acid 
(principal band at 726 f) 


Concentration, 3.300 eg per liter in alcohol; 1.650 cg per liter in hydrochloric acid. Cell thickness 
0.5 cm in both cases 
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Fie. 13.—The spectral absorption of benzeneazophenol (Ph) dissolved in 
95 per cent ethyl alcohol (principal band at 855 f) and in concentrated 
hydrochloric acid (principal band at 644 f) 
Concentration, 2.880 cg per liter in alcohol; 1.440 cg per liter in hydrochloric acid. Cell thick- 
ness, 0.5 cm in both cases 
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Fie. 14.—The spectral absorption of benzeneazophenol (Ph) dis- 
solved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 2.880 cg per liter. Cell thickness, 0.5 cm 


TRANSMIT TANCY 


a . | oe 








Spectrai Absorption of Certain Monoazo Dyes 














TRANSMIT TANCY 





LOG. 






















































































1100 1200 1300 
FREQUENCY 
vibrations~+ (seconds X 1012) 
Fie. 15.—The spectral absorption of benzeneazophenol (Ph) dissolved in a 
3 per cent solution of sodium hydroxide in 95 per cent ethyl alcohol 


Concentration, 2.292 cg per liter. Cell thickness, 0.5 cm 
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Fic. 16.—The spectral absorption of benzeneazo-o-cresol (0) dissolved in 95 

per cent ethyl alcohol (principal band at 843 f) and in concentrated hydro- 

chloric acid (principal band at 628 f) 

Concentration 3.380 cg per liter in alcohol; 1.690 cg per liter in hydrochloric acid. Cell thick- 
ness, 0.5 cm in both cases 


CH, 


LOG. TRANSMITTANCY 


400 500 600 700 800 300 10090 00 1200 1300 
FREQUENCY 

vibrations = seconds X10”) 

Fic. 17.—The spectral absorption of benzeneazo-o-cresol (0) dis- 
solved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 cg per liter. Cell thickness, 0.5 cm 
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Fig. 18.—The spectral absorption of benzeneazo-m-cresol (m) 
dissolved in 95 per cent ethyl alcohol (principal band at 840 f) and 
in concentrated hydrochloric acid (principal band at 636 f) 


Concentration, 3.380 eg per liter in alcohol; 1.690 cg per liter in hydrochloric acid. 
Cell thickness, 0.5 cm in both cases 
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Fie. 19.—The spectral absorption of benzeneazo-m-cresol (m) 


dissolved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 cg per liter. Cell thickness, 0.5 cm 
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Fie. 20.—The spectral absorption of o-tolueneazophenol (o0’) dis- 
solved in 95 per cent ethyl alcohol (principal band at 847 f) and in 
concentrated hydrochloric acid (principal band at 628 f) 
Concentration, 3.380 cg per, liter in alcohol; 1.690 cg per liter in hydrochloric acid. 
Cell thickness, 0.5 cm in both cases 
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Fic. 21.—The spectral absorption of o-tolueneazophenol (0’) dis- 
solved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 cg per liter. Cell thickness, 0.5 cm 
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Fig. 22.—The spectral absorption of m-tolueneazophenol (m’) dis- 
solved in 95 per cent ethyl alcohol (principal band at 855 f) and in 


concentrated hydrochloric acid (principal band at 682 f) 


Concentration, 3.380 cg per liter in alcohol; 1.690 cg per liter in hydrochloric acid. 
Cell thickness, 0.5 cm in both cases 
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Fig. 23.—The spectral absorption of m-tolueneazophenol (m’) dis- 
solved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 cg per liter. Cell thickness, 0.5 cm 
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Fic. 24.—The spectral absorption of p-tolueneazophenol (p’) 
dissolved in 95 per cent ethyl alcohol (principal band at 850 f) 
and in concentrated hydrochloric acid (principal band at 626 f) 


Concentration, 3.380 cg per liter in alcohol; 1.690 cg per liter in hydrochloric acid. 
Cell thickness, 0.5 cm in both cases 
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Fie. 25.—The spectral absorption of p-tolweneazophenol (p’) 
dissolved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 cg per liter. Cell thickness, 0.5 cm 
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Fie. 26.—The spectral absorption of o-tolueneazo-o-cresol (0', 0) 
dissolved in 95 per cent ethyl alcohol (principal band at 839 f) 
and in concentrated hydrochloric acid (principal band at 619 f) 


Concentration, 3.380 cg per liter in alcohol; 1.690 cg per liter in hydrochloric acid, 
Cell thickness, 0.5 cm in both cases 
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Fic. 27.—The spectral absorption of o-tolueneazo-o-cresol (0’, 0) 
dissolved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 eg per liter, Cell thickness, 0.5 cm 
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Fic. 28.—The spectral absorption of o-tolueneazo-m-cresol (0’, m) 
dissolved in 95 per cent ethyl alcohol (principal band at 833 f) 
and in concentrated hydrochloric acid (principal band at 628 f) 


Concentration, 3.380 cg per liter in alcohol; 1.690 eg per liter in hydrochloric acid. 
Cell thickness, 0.5 cm in both cases 
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Fig. 29.—The spectral absorption of o-tolueneazo-m-cresol (0'’, m) 
dissolved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 cg per liter. Cell thickness, 0.5 cm 
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Fig. 30.—The spectral absorption of m-tolueneazo-o-cresol (m’, 0) 
dissolved in 95 per cent ethyl alcohol (principal band at 843 f) 
and in concentrated hydrochloric acid (principal band at 630 f) 
Concentration, 3.380 cg per liter in alcohol; 1.690 cg per liter in hydrochloric acid. 
Cell thickness, 0.5 cm in both cases 
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Fie. 31.—The spectral absorption of m-tolweneazo-o-cresol (m’, 0) 


dissolved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 eg per liter. Cell thickness, 0.5 cm 
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Fia. 32.—The spectral absorption of m-tolueneazo-m-cresol (m’, m) 
dissolved in 95 per cent ethyl alcohol (principal band at 836 f) 
and in concentrated hydrochloric acid (principal band at 629 f) 
Coneentration, 3.380 cg per liter in alcohol; 1.690 cg per liter in hydrochloric acid 
Cell thickness, 0.5 cm in both cases 
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Fia. 33.—The spectral absorption of m-tolueneazo-m-cresol (m’, m) 
dissolved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 cg per liter. Cell thickness, 0.5 cm 
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Fig. 34.—The spectral absorption of p-tolweneazo-o-cresol (p’, 0) 
dissolved in 95 per cent ethyl alcohol (principal band at 838 f) 
and in concentrated hydrochloric acid (principal band at 617 f) 


Concentration, 3.380 cg per liter in alcohol; 1.690 per liter in hydroehloric acid. 
Cell thickness, 0.5 cm in both cases 
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Fig, 35.—The spectral absorption of p-tolueneazo-o-cresol (p’, 0) 
dissolved in a 3 per cent aqueous solution of sodium hydroxide 


Concentration, 3.380 eg per liter. Cell thickness, 0.5 cm 
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Fia. 36.—The spectral absorption of p-tolueneazo-m-cresol (p’, m) 
dissolved in 95 per cent ethyl alcohol (principal band at 831 f) 
and in concentrated hydrochloric acid (principal band at 613 f) 
Concentration, 3.380 eg per liter in alcohol; 1.690 eg per liter in hydrochloric acid, 
Cell thickness, 0.5 cm in both cases 
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F\G. 37.—The spectral absorption of p-tolueneazo-m-cresol (p’, m) 
dissolved in a 3 per cent aqueous solution of sodium hydroxide 
Concentration, 3.380 cg per liter. Cel! thickness, 0.5 cm 
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TRANSMISSION OF SOUND THROUGH WALL AND FLOOR 
STRUCTURES 


By V. L. Chrisler and W. F. Snyder 


ABSTRACT 


This paper contains a report of the work on sound transmission through (1) a 
large number of masonry walls and floors and other materials which are homo- 
geneous in construction, the results showing that weight is the most important 
factor under these conditions; (2) a few compound walls and floors which have a 
masonry core, and (3) a few stud walls. 

The results are given for five frequency bands covering a range from 250 to 
3,365 cycles per second. Transmission tests were also made for impact noises. 
Specifications for the construction of the various panels used are appended. 


CONTENTS 


. Introduction 
. Methods of measurement 

Method of expressing results (sensation units) 
’, Discussion of results 


2. Impact or tapping sounds 

3. General conclusions. _.--_--------- 
|. Descripiien of Banele; Jo0 Be eso ss he ei oy oS adda kts 
‘I, General specifications for construction of test panels 


I. INTRODUCTION 


In several previous publications of the Bureau of Standards ' 
there is to be found a description of the methods employed in the 
bureau’s laboratories for determining the sound transmission of vari- 
ous types of wall, floor, and ceiling construction, with a statement 
of the results obtained on a number of test panels of different types. 
The present paper gives additional results which have been obtained 
since the issue of the last publication in June, 1927. The methods 
employed in this later work have been substantially those described 
in the earlier publications. The only change of importance has been 
an improvement in the source of alternating current used to produce 
sound. This is described in a later place in the present paper. 

In the modern apartment house, office building, hotel, and other 
buildings of this nature sound insulation is becoming of increasing 





' Transmission and Absorption of Sound by Some Building Materials, B. S. Sci. Paper No. 526. Sound- 
proofing of Apartment Houses, B. S. Tech. Paper No. 337. Transmission of Sound through Building 
Materials, B. S. Sci. Paper No. 552. 
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importance. This consideration is often difficult to satisfy sim, 
taneously with other important requirements. The rising costs o 
construction have brought about a tendency to make nonload-bearing 
walls as thin as possible, and, due to requirements which are neces. 
sary to eliminate the fire hazard, the modern fireproof building js 
liable to be noisy, as sound is easily transferred along steel beams o 
through thin masonry walls. The problem is to find a type of wall 
which will have maximum opacity to sound with minimum weigh 
and with a reasonable cost of construction. . 

To meet this situation, the Bureau of Standards, with the coopers. 
tion of a number of manufacturers of building materials, has under. 
taken an extensive program in which the sound-insulating properties 
of a large number of structures have been measured in the laboratory, 
This work has not been confined to heavy partition walls but has been 
extended to lighter types and to various materials which might be 
used in such structures. The lightest material used was wrapping 
paper, while the heaviest structure was a combination tile floor 
with a cinder fill and concrete finish, weighing 109 pounds to the 
square foot. 

Some of the most interesting results have been obtained with the 
use of the lighter materials, such as are employed in the construction 
of airplane cabins. In the study of this aspect of the general prob- 
lem it has become apparent that some of the conclusions reached 
in considering heavier building structures do not apply to combina- 
tions of lighter material. 


Il. METHODS OF MEASUREMENT 


In much of the work described in the present paper an improved 
source of alternating current has been used, in the form of a beat- 
frequency oscillator. As such instruments have lately come on 
the market, it may be sufficient to give a brief description of the 
type employed. It contained two circuits, each of radio-frequency. 
One of these circuits was maintained by means of a piezoelectric 
crystal of quartz, while the capacity of the other was varied to give 
beats of the desired audio-frequencies. The width of the frequency 
bands was controlled by the use of a revolving condenser of suitable 
capacity, similar to that described in Scientific Paper No. 526. 

By means of this apparatus it has been found possible to make 
measurements at lower frequencies than with the oscillator formerly 
used. In addition, the frequency band could be made wider at the 
lower frequencies. A number of measurements made on a series of 
panels, using both oscillators, showed that the mean reduction factor 
was not appreciably affected by the width of the band. 
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ll. METHOD OF EXPRESSING RESULTS (SENSATION 
UNITS) 


All results given in this paper and in the previous publications 
above referred to have been obtained by the use of the telephone 
receiver as a detector and measurer of sound energy. The indica- 
tions of this instrument are given on what is called the physical scale, 1 
which measures the energy of the sound wave. But the instrument li 
most universally used for detecting sound and estimating its intensity 
is the human ear, and unfortunately the ear does not respond accord- 
ing to the physical scale. As the intensity of a sound increases stead- 
ily on the physical scale, the response of the ear fails to keep pace ii 
with it. There appears to be in the ear a regulating or protective 1 
mechanism whose nature is not understood, which, like the well- 
known mechanism of the eye,. protects the organ against excessive 
stimulation. Experiment shows that the response of the ear is pro- 
portional to the logarithm of the physical intensity; that is, energies 
proportional to 10, 100, and 1,000 would produce in the ear effects 
proportional to 1, 2, and 3, respectively. This logarithmic scale has 
been termed in previous papers the ear scale and has been used for 
expressing results because of its natural fitness. 

A slight modification of this scale has been employed for some time 
by telephone engineers ? and is used in all audiometers made by the 
Western Electric Co. This scale merely multiplies the numbers of 
the ear scale by 10, the unit of this new scale being that fractional 
change in intensity which is approximately the smallest that the 
average ear can detect. For this reason this unit is called a sensation 
unit. In the example given above, intensities corresponding to 1, 2, 
and 3 on the ear scale would be represented by 10, 20, and 30 sensa- 
tion units. = Dees SFiS ; 

It seems advisable that the same units should be used by all en- 
gaged in acoustic work, and consequently sensation units have been | 
adopted in this paper. Reduction factors given on the ear scale in an 
previous publications may be converted into sensation units by a 
multiplying by 10. 

Wallace Waterfall, in a private communication, has suggested a 
way of illustrating the values of sensation units in familiar terms. 
We may call it an ear sensation scale. (Fig. 1.) 


IV. DISCUSSION OF RESULTS 
1. AIR-BORNE SOUNDS 
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The present paper gives the results of experiments on the sound | 
transmission of over 70 panels, ranging in weight from a masonry a 
structure of 109 pounds per square foot down to a single thickness of 









* Fletcher, Bell Telephone Laboratories, Reprint B-152-1; J. Frank. Inst.; September, 1923. 
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wrapping paper. The results for the principal cases are given eraphi. 
cally in Figure 2, plotting the reduction factor in sensation units 
against the logarithm of the weight per square foot. The numerical 
values for all the panels are given in Table 1. 

In general, it appears that for panels which are more or less homo. 
geneous in structure the points lie close to a straight line; that js 
mass is the predominating factor, but it is quite apparent that ma 
is not always the only factor in the case. Where the panel departs 
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Fic. 1.—Ear sensation scale 


from homogeneity, as in panels 77 and 78b, structure becomes of 
importance. 

As stated in a previous paper,’ a partition wall or floor acts in much 
the same manner as a large diaphragm. It is well known that the 
amplitude of vibration of a large diaphragm depends upon its mass, 
stiffness, and damping factor. 

Consider panels 79, 80, and 81. These panels differed but slightly 
in weight, yet No. 79 transmitted quite a little more sound than 
either No. 80 or No. 81. The principal difference was that the work- 
manship was not as good in No. 79. The bricks of No. 79 were not 
as well embedded in the mortar as in the other two, and the vertical 
joints were not filled. According to McBurney,‘ a panel built like 





B.S. Sci. Paper No. 552. 
‘J. W. McBurney, Effect of Workmanship on Strength of Brick Masonry, Am. Architect, 132, p. 
613; Nov. 5, 1927. 
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No. 80 has from 24 to 112 per cent greater wall strength than No. 79. 
It would appear that this same factor affects the sound transmission 
to some extent. 

Consider floor panels No. 78a and 78b. Panel 78a was a better 
sound insulator than 78b and yet was considerably lighter. When 
these measurements were first taken, it seemed probable that some 
error had been made in the measurements. To verify these results, 
a second set of measurements was made on No. 78b, with a result 
exactly the same as before. The concrete finish and cinder fill were 
then stripped off, leaving the panel in its original condition as No. 
78a. The sound-transmission measurements were then repeated, and 
the average reduction factor found was within 0.7 sensation unit of 
its original value. This, again, illustrates that simply loading a panel 
does not necessarily make it a better sound insulator. The cinder 
fill had almost no mechanical strength and probably increased the 
rigidity of the panel very little, but it did form an intimate contact 
between the slab and concrete finish, so that any vibration of the 
slab was easily transmitted to the finished part of the floor and hence 
to the receiving room. 

Also consider panels 27 and 28 (B. S. Sci. Paper No. 526) and 
panels 25, 26, 29, and 30 (B. S. Sci. Paper No. 552). These were 
panels built of clay tile, gypsum tile, and brick. In each case two 
panels were built as nearly alike as possible, one being finished with 
eypsum plaster and the other with lime plaster; and in each case 
the panels finished with gypsum plaster were slightly better sound 
insulators than those with lime plaster. It should be emphasized 
that the difference was not enough to be of any practical importance 
but merely sufficient to be detected in the laboratory. 

There were two other interesting panels among the small ones. 
These were panels 110 and 111, consisting of 4 and ; inch sheet 
lead, respectively. Plotting the results for these panels with those 
for other materials (fig. 2) it will be seen that the points for these 
panels fall below the curve, indicating that they transmit more sound 
than a piece of sheet iron or glass of the same weight. 

In every case mentioned in the four preceding paragraphs it is to 
be noticed that the panel which transmits the least sound is the most 
rigid, 

With the small panels where the material was thin it has been 
found that the method of holding the edges affects the result. If the 
clamped area extends in from the edge for about 2 inches, the material 
transmits less sound than when held only by a narrow rim at the 
edge. This change in transmission is rather too large to be accounted 
for by such stiffening as might be produced by clamping for 2 inches 
around the edge. Further work is being done to determine to what 
extent the boundary conditions will affect the results. 
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From the above it is evident that the result for sound transmission 
of various materials is not dependent entirely on the mass, though this 
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is the most important factor. Figure 2 shows that most structures 
which are more or less homogeneous do have a reduction factor in 
sensation units which is nearly proportional to the logarithm of the 
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weight per unit area. From this curve the approximate reduction 
factor of many new structures may be predicted with a reasonable 
degree of certainty, provided they are tested under similar conditions. 
F If the conditions of test are radically altered, entirely different results 
may be expected. ‘To illustrate this, the curves in Figure 3 have been 
plotted, giving results as determined by Sabine,® Heimburger,® and 
the Bureau of Standards. The reduction factors as given by each 
observer are not directly comparable, as the methods by which they 
are measured are entirely different. For instance, Sabine makes all 
of his measurements by the reverberation method, using a small 
receiving room in which the observer stands with his ear close to the 
panel. This makes the reduction factor less than it would be if the 
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Fic. 3—Comparative results at various laboratories on sound transmission of 
panels 





receiving room were larger and the observer stood at some distance 
from the panel. Heimburger places a loud-speaker horn close to the 
panel and surrounds it by a box so that in all probability not more 
than 4 or 5 square feet of wall surface are appreciably affected by the 
sound waves. For walls with a thickness of 6 to 8 inches the thickness 
of the wall becomes comparable to the surface area affected, and the 
wall acts as if it were much stiffer than if a larger section were used. 
This increases the reduction factor. 

Each method has its advantages, and while the different methods 
do not give the same absolute results they should agree in the com- 
parison of a number of different panels. The fact that the results 
depend upon the method, and also the room in which the measure- 
ments are made, is unfortunate. The art of measuring sound trans- 





' Paul E. Sabine, The Armour Eng.; May, 1926. 
‘Gunnar Heimburger, the Am. Architect; Jan. 20, 1928. 
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mission is not yet on as definite a basis as the measurement of hey 
conductivity. In consequence, each observer must in some woy 
explain what is meant by the figures which he gives for the reductigy 
factor. Referring to Figure 3 and comparing the ordinates in sens. 
tion units for the same abscissas, we obtain the following values froy 
the curves given by the three different observers. 


Reduction factor in sensation units 


Heim- 
burger 


| Bureau of 
Standards 


| Sabine 


3 


Nonao 


| 


| 39.5 


| 
| 31.0 | 
48.0 | 


IDPS b 


oo 


The numerical values of the reduction factor in sensation units for 
results obtained at the Bureau of Standards may be classified in four 
groups, as follows: 

Panets Wuose Repuction Facrors arE Over 60 Sensatioy 
Units.—Conversation carried on in an ordinary tone of voice is r- 
duced to inaudibility. If there is external noise in the listening room, a 
shout on the other side of the panel would be practically unnoticeable. 

Panets Wuose Repuction Factors Liz Between 50 ann 6 
SensaTion Unirs.—Conversation in ordinary tones heard through 
the panel is barely audible but unintelligible. 

Panets Wuose Repuction Facrors Liz Berween 40 anp 5 
SENSATION Unirs.—Conversation in ordinary tones heard through 
the panel is quite audible but difficult to understand. If the voice is 
raised, it becomes intelligible. 

Panets Wuose Repuction Factors are Luss THAN 40 Spnsa- 
TION Unirs.—Conversation in ordinary tones heard through the panel 
is distinctly audible and intelligible. 

The above comparisons are based on tests in a listening room in 
which there was no noise and which was quite reverberant. Ina 
room furnished with rugs, draperies, or other sound-absorbing ob- 
jects the panels would be apparently more effective than when tested 
in bare rooms. 

A practical demonstration of the above statement was made by 
lining a large box with highly absorbing material. The average re- 
duction factor of this box was slightly under 40 sensation units. 
The box was placed in a very reverberant room. A person inside the 
box could understand everything said by a person outside, while the 
person outside was unable to understand a single word that wes 
spoken by the person inside unless he raised his voice The reason 
for this was that the absorbing material in the box lowered the in- 
tensity of sound originating within to such an extent that it was n0 
longer sufficient to carry through and be audible after transmission. 
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For sound generated outside in a reverberant room there was no 
absorbing material, and in consequence the sound could build up 
to an intensity level sufficient to carry it through to the person inside 
the box. In certain cases this principle may be of practical value. 
If a room contains a number of typewriters, a partition might be 
built which is insufficient to prevent the sound reaching the other 
side if the typewriting room is reverberant, but if absorbing material 
in sufficient quantity be added to the walls of the typewriting room 
the partition might be satisfactory. The absorbing material in this 
case would serve two purposes—it would reduce the noise level so 
that it would be much pleasanter for the operators of the machines; 
and, due to the reduced noise level, a lighter partition would be 
sufficient to confine the sound to the room of its origin. 

Attention must be called to the masking effect of external noise. 
If a panel having a reduction factor between 30 and 40 sensation 
units is taken as an example, the following facts may be noticed. 
If there is no external noise and the panel acts as the wall between 
two rooms which are fairly reverberant, it is quite easy for two people 
who are on opposite sides of the panel to carry on a conversation; 
but if there is the slightest noise in the room where the person is 
listening, the conversation becomes a mumble, and the chances are 
that not a single word will be understood. The louder the noise the 
creater the masking effect. 

From the above it is readily seen that a panel might give entirely 
satisfactory results under some conditions while under other con- 
ditions it would be entirely unsatisfactory. In other words, the 
conditions under which a structure is to be used are to be considered, 
as a given structure may seem satisfactory or unsatisfactory as these 
conditions are favorable or unfavorable. 

Returning to the results which were obtained for masonry walls, 
one fact is at once evident—that for solid masonry a wall to be a 
good sound insulator must be excessively heavy. In the search for a 
type of structure which would give more efficient insulation it was 
found that the insulation was materially increased if the wall were 
split into layers. For masonry walls it was found that this could be 
accomplished by using wood furring strips to which was fastened the 
plaster base and finally the plaster coat. With 4-inch clay tile 
furred out in this manner on both sides, the sound insulation was, 
perhaps, alittle better than that of an 8-inch brick wall without 
furring. It should also be noticed that the nature of the plaster 
base makes little difference, as the results were about the same for 
metal lath, masonite, and insulite. 

Tests were also made to determine whether a change in the method 
of attaching the furring would make any materia! difference. In 
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panel No. 82 the furring strips were wired to the brickwork by wing 
laid in the mortar when the panel was built. The furring strips thy 
attached were not perfectly tight at best but could be moved, perhaps 
a few hundredths of aninch. Panel No. 83 had the same brick cent 
as No. 82, but the plaster and furring strips were taken off, hols 
drilled into the brick, and nailing plugs driven into the holes. Th, 
furring strips were then nailed on and finished as nearly as possible gs 
in No.82. The plaster may have been a little thicker, as the panel was 
slightly heavier. As the amount of sound transmitted was aly 
slightly less, the result indicated that this change in the method of 
fastening the furring strips did not appreciably affect the sound 
insulation of the panel. 

This surface was then stripped and insulite used as the plaster 
base, as panel No. 84. With the exception of the change in plaster 
base, panels Nos. 83 and 84 were made as nearly the same as possible 
The sound transmission was about the same, although panel No. 8: 
was lighter. 

Comparison of the transmission of No. 73 with Nos. 71 and 72 
apparently indicates that a plaster base of fiber board may give 
somewhat better sound insulation than metal lath, while No. 74, 
with a different type of fiber board, shows no improvement. This 
difference between Nos. 73 and 74 is probably not to be ascribed to 
the difference in the fiber boards. Panel No. 74 was built about 
a year after Nos. 71, 72, and 73 and of a different lot of tile. Itis 
possible that this has affected the results. In any case, however, 
it is apparent that where a slight increase in weight is not objection- 
able there is little choice between the use of different plaster bases. 
The important part is the type of structure. 

For structures which have wood studs or wood joists there has 
been very little progress made in improving the sound insulation. 
A comparison of the results shows that some of the earlier structures 
tested are as good sound insulators as the later ones. 


2. IMPACT OR TAPPING SOUNDS 


The preceding discussion has had reference entirely to air-borne 
sounds. Another type of sound, much harder to control, is produced 
by vibration communicated directly to the structure. This may be 
transferred from a machine or caused by impact, as when a chair 1s 
dropped or by walking across the floor. In many cases of this kind 
it seems as if the noise is as loud on one side of the floor or partition 
as on the other. 

To study this type of sound, a special machine was built. (Fig. 4.) 
It consists, essentially, of five rods which can be raised and allowed 
to fall by separate cams. The cams are driven by a motor at such 
a speed that a rod falls approximately every fifth of a second. The 
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Fic. 4.—Machine for producing impact sounds 
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noise thus produced can be measured in the same manner as the 
sound from a loud-speaker. 

Measurements were taken of the intensity of the sound on both 
sides of the floor panel. The ratios of the results, expressed as 
reduction factors in sensation units, are recorded in the column 
headed “‘Tapping”’ in Table 1. 

Two sets of these measurements are of special interest. Panel 
116a, a type of concrete floor, shows a reduction of only 1.2 sensation 
unit in the intensity of sound on the two sides—almost indistinguish- 
able by the ear. By adding a floating floor, loosely laid on the 
concrete (No. 116b), the reduction was increased to 30 sensation 
units, a noticeable change, but insufficient to prevent the trans- 
mission of footsteps. By the further addition of fiber board between 
the floor and the concrete (No. 116c) the reduction was increased to 
33 sensation units, at which footsteps were still audible. 

Similar results were obtained with panel No. 117a, which is a 
combination floor of 4-inch hollow clay partition tile. In its original 
condition this gives a reduction of 5.1 sensation units, which makes 
but little difference to the ear. By the addition of a floating floor 
(117b) the reduction was increased to 34 sensation units, and by the 
further insertion of fiber board (117c) to 35 sensation units. Even 
this latter figure was insufficient to deaden the sound of footsteps; 
but by the final addition of a suspended ceiling below (118) the 
reduction was raised to 51 sensation units, enough to prevent the 
sound of footsteps being transmitted under ordinary conditions. 





3. GENERAL CONCLUSIONS 


When comparing panels, it should be remembered that, owing to 
the form in which the results are expressed, the improvement of one 
panel over another should be expressed as a difference of their reduc- 
tion factors in sensation units and not as a ratio. For instance, if 
one panel has a reduction factor of 40 sensation units and another of 
50 the panel having a reduction factor of 50 will reduce a sound heard 
through it 10 sensation units more than the one having a reduction 
factor of 40; but it would not be proper to say that the better panel 
in this case is one-fourth, or 25 per cent, better than the poorer one. 
This can be illustrated as follows: Assume the original intensity of 
the sound as 60 sensation units. The intensity as heard through the 
best panel would be 60—50=10 sensation units. As heard through 
the poorer panel it would 60—40=20 sensation units. As heard 
under these conditions the best panel appears to be twice as good as 
the poorer one. Assume, now, the original intensity of the sound to 
be changed to 80 sensation units. As heard through the best panel 
the intensity would be 30 and through the poorer 40. On this basis 
the best panel would appear to be only 4/3 instead of twice as good as 
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the poorer one. It is evident, then, that one panel can not be ex. 
pressed as being a better sound insulator than another by a certain 
percentage. It will be noticed in both cases, however, that the sounj 
which is heard through the poorer panel is 10 sensation units louder 
than that heard through the better panel. This holds, no matte 
what the original intensity of the sound (providing it is audible 
through the better panel), and is the only correct method of statin: 
the improvement of one panel over another. 


TABLE 1 





Reduction factor in sensation units at frequency bands— 
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TABLE 1—Continued 
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The most important fact to know about a panel is not how much 
better it is than another but whether it will reduce a given sound to 
inaudibility. To determine this, two things should be known—the 
intensity of the sound which it is desired to reduce to inaudibility 
and the minimum intensity of the sounds present in the room where 
the listener is located. For instance, very slight noises in this room 
might mask any sound having an intensity of 20 or less sensation 
units. If the noise which we wish to reduce to inaudibility has an 
intensity of 70, the wall or partition should have a reduction factor of 
50. This will reduce the sound to an intensity of 20 units, and this 
would be masked by the other noises present so as to be inaudible. If 
the room is absolutely quiet, it will be necessary to have a partition 
with a reduction factor of 70 to reduce the sound to inaudibility. 
Whether a partition is satisfactory or not depends, therefore, upon the 
intensity of other noises present. Street noises, for instance, may 
completely mask sounds having intensities of as much as 30 or more 
sensation units. 


isis V. DESCRIPTION OF PANELS 
No. 


60. Hollow clay tile panel (2 units 334 by 12 by 12 and 8 by 12 by 12), end con- 
struction. Plastered both sides with brown coat of gypsum plaster and 
smooth white finish. 

61. Hollow clay tile panel (2 units 334 by 5 by 12 and 8 by 5 by 12), side con- 
struction. Plastered both sides with brown coast of gypsum plaster, 
smooth white finish. 
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62. Hollow clay tile panel constructed of 8 by 12 by 12 tile, 6 cells. Plastereq 
on both sides with brown coat of gypsum plaster, smooth white finish, 

63. Hollow clay tile panel constructed of 6 by 12 by 12 load-bearing partition 
tile, 6 cells. Plastered on both sides with brown coat of gypsum plaster, 
smooth white finish. 

. Hollow clay tile panel constructed of 6 by 12 by 12 partition tile, medium 
burned, 3 cells. Plastered both sides with brown coat of gypsum plaster 
and smooth white finish. 

. Hollow clay tile panel constructed of 6 by 12 by 12 soft partition tile, 3 cells, 
Plastered on both sides with brown coat of gypsum plaster, smooth white 
finish. 

. Hollow clay tile panel constructed of 4 by 12 by 12 partition tile, 3 cells, 
Plastered on both sides with brown coat of gypsum plaster, smooth white 
finish. 

. Hollow clay tile panel constructed of 4 by 12 by 12 partition tile, 3 cells. 
The tile in this panel was laid so that none of the flues in the panel were 
over 2 feet in length. Plastered both sides with brown coat of gypsum 
plaster, smooth white finish. 

. Hollow clay tile panel constructed of 3 by 12 by 12 partition tile, 3 cells. 
Plastered both sides with brown coat of gypsum plaster, smooth white 
finish. 

. Built as near like No. 68 as possible. 

. Hollow clay tile panel constructed of Heath cubes. Plastered both sides 
with brown coat of gypsum plaster, smooth white finish. 

. Hollow clay tile panel constructed of 4 by 12 by 12 partition tile, 3 cells. 
Wood furring strips, paper, metal lath, scratch and brown coat of gypsum 
plaster, smooth white finish. 

. Hollow clay tile panel constructed of 4: by 12 by 12 partition tile, 3 cells, 
pads, wood furring strips, paper, metal lath, scratch and brown coats of 
gypsum plaster, smooth white finish. 

. Hollow clay tile panel constructed of 4 by 12 by 12 partition tile, 3 cells, 
wood furring strips, Masonite, brown coat gypsum plaster, smooth white 
finish. 

. Hollow clay tile panel constructed of 4 by 12 by 12 partition tile, 3 cells, 
wood furring strips, Insulite, brown coat of gypsum plaster, smooth white 
finish. 

. Double partition 3 by 12 by 12 hollow clay tile spaced 134 inches between 
sides. Flax-li-num 1 inch thick and butted tight was placed in the space 
between the tile. One side of the partition was carried on %-inch Fiax- 
li-num strips which were 4 inches wide, the strips being placed at the sides 
and top as well as the bottom. 

. Flat arch floor panel constructed of 8-inch 4-cell tile, plastered with brown 
coat gypsum plaster and smooth white finish. Two by fours were fastened 
to the top surface approximately 16 inches on center and the space between 
filled with cinder concrete. The floor was finished with hardwood flooring. 

77. Same as 76, except the floor was finished with 2 inches of cinder concrete and 
1 inch cement. 
78a. Combination floor panel constructed of 6 by 12 by 12, 3-cell partition tile. 
The ceiling of this panel was finished with a brown coat of gypsum plaster 
and a smooth white finish. 
78b. This panel was the same as 78a, except 2 inches of cinder concrete and | 
inch cement were added to upper surface, 
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on both sides with brown coat gypsum plaster, smooth white finish. 
Eight-inch brick panel, New Hampshire brick, good workmanship, plastered 
on both sides with brown coat gypsum plaster, smooth white finish. 


i, Eight-inch brick panel, Mississippi brick, good workmanship, plastered on 


both sides with brown coat gypsum plaster, smooth white finish. 


9. New Hampshire brick laid on edge, furring strips wired, gypsum plaster 


board, plastered both sides with scratch and brown coat gypsum plaster, 
smooth white finish. 

Same as No. 82, except the furring strips were nailed. 

Same as No. 83, except Insulite was used as a plaster base instead of gypsum 
plaster board. 

Same as No. 82, except the plaster was applied direetly to the brick surface. 

Wood studs, %-inch Flax-li-num nailed to each side, 1 by 2 inch furring 
strips, wood lath, plastered both sides with scratch and brown gypsum 
plaster, smooth white finish. 


7. Wood studs, Sheet Rock nailed to each side, No. 12 porous gypsum poured 


into space between studs. 
Same as No. 87, except No. 30 porous gypsum was used. 


. Same as No. 87, except No. 18 porous gypsum was used. 
. Same as No. 87, except No. 24 porous gypsum was used. 
91. Wood studs, Sheet Rock nailed to one side and temporary form on the oppo- 


site side. No. 18 porous gypsum was poured in space between studs. After 
the porous gypsum set the form was removed and the gypsum allowed to 
dry. When dry, Sheet Rock was nailed on in place of form. 


. Same as No. 91 except Gypsolite was used in place of Sheet Rock and No. 12 


porous gypsum in place of No. 18. 


93. Single sheet of aluminum 0.025 inch thick. 

. Single sheet of galvanized iron 0.03 inch thick. 
. Single sheet 3-ply plywood )& inch thick. 

. Single sheet 3-ply plywood 14 inch thick. 

. Single sheet Insulite 545 inch thick. 

. Single sheet Insulite 14 inch thick. 

. Single sheet Insulite 14 inch thick. 


. Single sheet airplane fabric doped and varnished. 

. Single sheet heavy wrapping paper. 

. Single sheet double-strength glass 4 inch thick. 

. Single sheet plate glass 14 inch thick. 

. Single sheet standard Celotex 14 inch thick. 

. Single sheet carpet lining Celotex 14 inch thick. 

. Single sheet standard Celotex 1% inch thick. 

. Single sheet carpet lining Celotex 4% inch thick. 

. Single sheet aluminum 0.006 inch thick. 

. Single sheet duralumin 0.020 inch thick. 

. Single sheet of lead \% inch thick. 

. Single sheet of lead Ye inch thick. 

Single sheet galvanized iron 0.03 inch thick, loaded with 2.8 pounds sand per 
square foot. 

Single sheet aluminum-coated duralumin. 

a. Floor panel, wood joists. Plaster on wood lath applied to lower side, 

subflooring and %%-inch finish flooring to upper side. 


li4b. Same as No. 114a, with exception of flooring. One-half ineh Insulite 


between rough and finished floors, 
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No. 


114c. Same as No. 114a, with exception of flooring. Rough flooring, %-inch 
Insulite, floating floor consisting of nailing strips rough and finish flooring. 
114d. Same as No. 114c, except Insulite was inserted between rough and finished 
floor in floating floor. 
115a. Suspended ceiling, wood joists, 44-inch Insulite plastered applied as ceiling. 
Rough floor, finish floor applied as flooring. 
115b. Same as 115a, with exception of flooring. Rough flooring, %-inch Insulite 
and floating floor as in 114¢c. 
116a. Reinforced concrete flat slab type of floor construction. Insulite furred 
out and applied as ceiling, plaster. 
116b. Same as 116a except floating floor added as in 114¢e. 
116c. Same as 116b, except %-inch Insulite added between concrete slab and 
floating floor. 
117a. Combination floor panel constructed of 4 by 12 by 12 three-cell partition 
tile. The ceiling was finished with furring strips, %-inch Insulite, and 
plaster. 
117b. Same as 117a, except floating floor was added as in 114c. 
117c. Sameas117b, except %-inch Insulite was added between masonry slab 
and floating floor. 
118. Same as 117c, except ceiling was stripped off and suspended ceiling attached. 
119. Wood studs, wood lath, scratch and brown coats gypsum plaster, smooth 
white finish. 
0. Wood studs, %-inch Insulite applied to both sides, joints filled. 
. Wood studs, two %-inch sheets of Insulite applied to both sides, joints filled 
2. Same as No. 121, with addition of scratch and brown coats gypsum plaster 
smooth white finish. 
3. Same as No. 120, with addition of scratch and brown coats gypsum plaster, 
smooth white finish. 
124. Staggered wood studs, %-inch Insulite applied to both sides, joints filled. 
25. Same as No. 124, with addition of Ecod Fabric, scratch and brown coats 
gypsum plaster, smooth white finish. 
26. Same as No. 124 with addition of scratch and brown coats gypsum plaster, 
smooth white finish. 

. Wood studs, 4-inch Insulite applied to one side, plastered and back plas- 
tered. Metal lath applied to opposite side and plastered with scratch, 
brown, and finish coats. 

. Wood studs, %-inch Insulite applied to one side, plastered with brown coat 
and back plastered, furring strips, 44-inch Insulite, scratch, brown, and 
finish coats gypsum plaster. The opposite side was covered with metal 
lath plastered with scratch, brown, and finish coats gypsum plaster. 


VI. GENERAL SPECIFICATIONS FOR CONSTRUCTION OF 
TEST PANELS 


1. Erection or Bricx.—The brick were laid in mortar composed 
of 1 part Portland cement, 1/10 part mason’s hydrated lime, and 3 
parts sand by volume. The surfaces to be plastered were reasonably 
true and free from dirt or other loose material. The joints were 
flush with the surface. 

2. Erection or Cuay Tite.—Unless otherwise specified, the tile 
were medium burned hollow clay tile and laid in a mortar composed 
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of 1 part Portland cement, 1 part mason’s hydrated lime, and 4 parts 
sand by volume. The surfaces to be plastered were reasonably true 
and free from dirt or other loose material. The joints were flush 
with the surface. 

9 Erection oF Reitnrorcep ConcreTE SuiaB.—The concrete 
used in the slab was composed of 1 part Portland cement, 2 parts 
concrete sand, and 4 parts gravel by volume. The slab was 4 inches 
thick and reinforced with 3% inch round deformed rods placed 9 
inches on center. Furring strips were applied to one side before the 
concrete set, nails previously driven through the furring strips being 
used as a tie. 

4. ErEcTION OF CoMBINATION FLoor Stass.—The concrete mix 
was the same as in paragraph 3. The rows of tile were spaced about 
18 inches on center. The space between the tile was filled with con- 
crete and about 2 inches of concrete was poured on top. In panel 
117a each concrete joist was reinforced by two %% inch round rods. 

5. Erection or Woop Srups.—(a) Straight studding—New 
straight 2 by 4’s were used. They were spaced 16 inches on center 
and securely nailed to the frame, which consisted of 3 by 4’s. 

(b) Staggered studding—New straight 2 by 4’s were used. They 
were spaced 8 inches on centers, alternate studs having a 2-inch 
projection. The studs were securely nailed to the cap and base, 
each of which consisted of a 2 by 6. 

6. Erection oF Woop Joist.—(a) New straight 2 by 4’s were 
used. They were spaced 16 inches on centers and securely nailed 
to a frame which consisted of 3 by 4’s. 

(b) Joists for suspended ceiling —New straight 2 by 4’s were used. 
The floor joists were spaced so that each one was 4 inches to the 
right from the centers of a floor joist, and the bottom was 2 
inches lower than the bottom of the floor joist. 

7. Erection or Woop Latu.—Four-foot laths were used, straight 
and free from knots. The laths were erected on both sides of the 
panel, parallel to each other, three-eighths of an inch apart and 
perpendicular to the direction of the studs. They were cut to such 
lengths that both ends of each lath came over a support. The end 
joints between laths were staggered at every seventh lath. Each 
lath was nailed to each support it crossed. The laths were wetted the 
day before the scratch coat was applied. 

8. Erection oF Metat Latu.—This was expanded metal lath, 
painted, and of medium weight. The sheets were attached with their 
longer dimensions across the supports. A sheet of lath being 8 feet 
long, there were no joints between ends. The joints between the 
sides of the sheets were lapped one full mesh and tied with No. 18 
iron wire midway between supports. Each sheet was securely fas- 
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tened to each support it crossed, the fastenings being spaced about § 
inches apart across the width of the sheet. 

9. Erection or Ecop Fasric.—Kach sheet was securely fas. 
tened to every support it crossed, the fastenings being spaced about § 
inches apart along the studs. All end joints were made over a stud. 
The side joints were lapped one full mesh. 

10. Erection or Insutite.—The insulite used was cut from 4 by 
12-foot by 44-inch stock to sizes required for the panels. Each %-inch 
layer was nailed to each joist, stud, or furring strip, as the case hap- 
pened to be, with fourpenny nails approximately 6 inches apart. 
One-quarter inch joints were allowed between sheets of insulite, 
Wire mesh was applied over joints on panels to be plastered. On 
panels which were not plastered the joints were filled. 

11. Erection or Masonirre.—This was erected in the same man- 
ner as insulite, paragraph 10. 

12. Erection or Gypsum Piaster Boarp.—These boards were 32 
by 36 by % inch. Both sides of the panel were covered with these 
boards, erected so that the 36-inch dimension ran parallel to the fur- 
ring strips. The boards were cut so that the sides of each board 
came over the furring strips. The joints were staggered every row. 
A space of 14 inch was left all around each board. Both sides and the 
center of each board were nailed to the furring strips every 6 inches. 

13. Erection oF Fuax-ii-Num.—The Flax-li-num was erected 
according to manufacturers’ specifications. 

14. Erection or Furrine Srrips.—The furring strips were of 
wood '%, inch by 2 inches by 7 feet 2 inches. These strips were either 
wired or nailed to the panels 16 inches on centers. 

15. ScratcH Coat Gypsum Piaster.—This coat was composed of 
1 part retarded neat gypsum plaster and 2 parts dry sand by weight. 
The ingredients were thoroughly mixed, first dry and again wet. 
The exposed surface was reasonably true and was scratched with an 
appropriate tool. The thickness of this coat was approximately 
14 inch. 

16. Brown Coat Gypsum Piaster.—This coat was composed of 
1 part retarded neat gypsum plaster to 3 parts dry sand by weight. 
The ingredients were thoroughly mixed, first dry and again wet, and 
applied with sufficient pressure to form a good bond. When the 
plaster base was masonry, insulite, masonite, or gypsum plaster 
board, this coat was built out until the average thickness of the 
plaster was 1% inch, rodded and floated to a true, even surface. For 
wood and metal lath the total thickness of the plaster from the face 
of the studs or furring strips to the face of the plaster was % inch. 

17. Smootu Finisu Coat.—This coat was composed of one bag of 
finishing hydrated lime to one-half bag of unretarded gypsum plaster. 
The lime was made into a putty with water at least 24 hours prior to 
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use. Asmall amount of this putty was circled out on the plasterer’s 
board, some water put into the circle, and gauging plaster equal to 
one-half the volume of the putty dusted into the water. The whole 
was then mixed with a trowel, more water being added if necessary. 
More material was not mixed at one time than could be used in 30 
minutes. The mixture was not retempered, but each batch was 
started with clean board and tools. This plaster was applied as a 
thin, even layer over the brown coat. It was watched carefully for 
the appearance of incipient crystallization. When this occurred, it 
was immediately troweled down to a smooth, true finish, using 
considerable pressure on the trowel, and brushing the surface with 
water if necessary. This coat was as thin as possbile without per- 
mitting the brown coat to show through. 

18. ErecTION oF SuBFLOoRING.—New, straight 34 by 3% inch 
stock was used. It was applied diagonally across the floor joists and 
well nailed. 

19. Erection Finisu Fitoortnec.—New, straight 34-inch oak stock 
was used, except for panel No. 76. The oak flooring was applied 
perpendicular to the joist and securely nailed. For panel No. 76, 
34-inch maple flooring was used and nailed directly to nailing strips 
without the use of rough flooring. 

20. Erection or Fioatina Fitoor.—This was made of 1 by 2 
inch nailing strips, subflooring nailed at right angles to the nailing 
strips, and finished flooring nailed at right angles to subflooring. 

21. EREcTION OF SUSPENDED CrrLInc.—This was made up on a 
wood frame. Screw eyes were inserted so that it could be suspended 
with wires from the masonry floor. Insulite was used as a plaster 
base, and this was plastered in the usual way. 

22. CinpeR Fitu.—This was composed of one bag of Portland 
cement to 10 cubic feet of cinders. These ingredients were thoroughly 
mixed, first dry and again wet, then tamped into place on the floor. 

23. ConcrETE FinisH on Fitoors.—This was composed of one bag 
of Portland cement to 3 cubic feet of dry sand. This was thoroughly 
mixed and poured over the cinder concrete so as to have an average 
thickness of 1 inch. The surface was troweled off to give a smooth, 


level finish. 
WasHINGTON, October 25, 1928. 
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DISCHARGE COEFFICIENTS OF SQUARE-EDGED ORI- 
FICES FOR MEASURING THE FLOW OF AIR 


By H. S. Bean, E. Buckingham, and P. S. Murphy 















ABSTRACT 






1. Air at pressures between 1 and 13 atmospheres was passed through square- 
edged concentric orifices installed in long, straight pipes of 4, 6, and 8 inches 
nominal diameter, the three pipes being in series. At each orifice the temperature 13 
and static pressure were observed, and the fall of pressure through the orifice was 
measured between pairs of taps located in each of the three ways commonly aa 
adopted in commercial orifice meter practice. 

2. The rate of flow was measured by throttling the air nearly to atmospheric 
pressure and discharging it through a flow nozzle on the end of the line. The i 
design, calibration, and peculiarities of behavior of the nozzles are described, and 
the theory of this method of measurement is discussed in two appendixes. Such i 
nozzles appear to be very satisfactory for use as primary standards. 

3. The various quantities known as discharge coefficients and used in orifice 
meter computations are defined. 

4. The experimental results are represented by equations connecting the values 
of the discharge coefficients with the ratio of orifice to pipe diameter and with the 
ratio of downstream to upstream static pressure. Tables of numerical values of 
discharge coefficients are also given. 

5. The accuracy of the results and the limitations to their general applicability 
are discussed, 
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I. INTRODUCTION 


During the summers of 1922, 1923, and 1924 experiments on the 
flow of air through orifices of the type commonly used for metering 
gases were carried out at Edgewood, Md., as a cooperative project 
between the Chemical Warfare Service of the United States Army 
and the Bureau of Standards. The authorities of Edgewood Arsenal 
contributed the use of a bank of large ammonia compressors with 
their appurtenances, and of much other engineering material, tools, 
etc.; and, in addition to furnishing the power needed, they facilitated 
the work in every way possible. The installation of the piping, 
apparatus, and instruments and the taking of observations were 
carried out by members of the staff of the Bureau of Standards. 

This paper contains a brief description of the apparatus and 
methods employed and presents a summary of the more important 
results of the investigation, together with such comments and dis 
cussion as seem appropriate. Several matters which required more 
extended discussion than appeared desirable in the body of the paper 
have been treated in appendixes. 


II. GENERAL PLAN OF THE INVESTIGATION 


In regard, to any one orifice, the object of the experiments is to 
determine the relation between the rate of discharge of air through 
the orifice, on the one hand, and the temperature and static pressure 
of the air and the pressure drop or differential across the orifice, 
on the other. If this relation has been determined and expressed 
in simple form, the rate of discharge may thereafter be found, by 
computation or graphically, from observations of the temperature, 
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o static pressure, and differential, and the orifice may thus be utilized 
509 as a flow meter for air. 
601 The purpose of the investigation was to obtain experimental data 
601 from orifices of various sizes and proportions, working over a wide 
ve range of static pressures and rates of flow, so as to get as much 
609 systematic general information regarding the properties and be- 
609 havior of such orifices as was practicable with the facilities and in 
610 the time at our disposal. 
612 The circumstances which permitted of using large volumes of air 
Gis and high static pressures, so as to cover a wide range of working 
im conditions, entailed the disadvantage—which attaches to most large 
624 scale as contrasted with laboratory experiments—of making it impos- ; 
624 sible to secure high precision in the individual experiments. ‘To 
625 offset this, the methods adopted made it practicable to work rapidly 
om and make a large number of separate experiments so as, in some 
653 degree, to average out the accidental errors. 
The principle of the experiments is very simple. A steady stream 
of compressed air is sent along the pipe in which the orifice to be i 
the tested is installed; the temperature, static pressure, and differential | 
aa are observed by means of instruments near the orifice ; and at the 
ak same time the rate at which air is flowing along the pipe and through 
" the orifice is measured by. some independent means, either ahead of 
nal the orifice or farther along the line. 





The most obvious method of measurement is to discharge the air @ 
into a gas holder and measure the rate of rise, but since no holder of . 
sufficient size was available the rate of discharge was determined by 
means of flow nozzles, as will be explained later. If the flow of air is 
not perfectly steady, the capacity between the orifice and the flow 
nozzle on the end of the line introduces a time lag, so that, though the 
measurement of the rate of discharge from the nozzle may be accurate, 
it does not correspond exactly in time to the observations made 
simultaneously at the orifice. Accidental errors of this sort were 
unavoidable because the power supply to the compressors was not 
perfectly steady, and the speed of the compressors could not be held 
entirely constant. 
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III. ORIFICE PLATES 


The orifices to be reported on here were all of the most familiar 
type—round, concentric with the pipe, and square-edged at the 
upstream face of the plate. They were adapted for use in pipes of 
8, 6, and 4 inches nominal diameter, and the list in Table 1 gives 
some of their important dimensions. 
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TABLE 1,—List of orifice plates 


D=inside diameter of pipe in inches. 
d=diameter of orifice in inches. 
e. w.=width of cylindrical edge of orifice in inches. 
d/D=8=diameter ratio. 
e. w./d=edge-width ratio. 


[Letters in column 5 denote the owners of the borrowed plates, as follows: B, Bachrach Instrume 


nt Co; 
C, Chemical Warfare Service; F, Foxboro Co.; H, Hope Natural Gas Co.; M, Metric Metal Works)" 





| ee , 
' Edge- | 
Diameter} ~~: 
Serial ratio = a 
Diameter of pipe D (inches.) number | Owner 
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Of these 48 plates, 22 were made at the Bureau of Standards, 
while the others were loaned to us by the five organizations named 
in the heading of the table, to all of whom we wish to express our 
thanks. 

The bureau plates were made with great care, and the inclusion of 
‘the commercial plates increased the interest of the results by show- 
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ing that, as a general rule, the behavior of the commercial plates did 
not differ appreciably from that of similar plates made at the 
bureau. 
| The plates were all in good condition, with the corner between 
the flat upstream face of the plate and the cylindrical edge of the 
orifice approximately square and smooth. Microscopic examination 
§ showed in many cases that this entrance corner was by no means 
perfect, but with few exceptions the experiments failed to reveal 
differences of behavior that could be traced to these visible imper- 
fections of finish. 

The 12 plates loaned by the Metric Metal Works were 14 inch 
thick and were chamfered on the downstream side so as to leave the 
cylindrical edge of the orifice only 4% inch wide. Of the 4 plates 
loaned by the Hope Natural Gas Co., the two larger were 34 inch 


—— Piping and test lines used in 
all tests 

eoreeee Additional piping for high 

pressure tests. 

Compressor Cylinders, /8°*30" 

Seale: 2£2% wal “p’ 











Fia. 1.—Arrangement of piping for orifice meter tests 


Located in part of 155 mm gas shell filling plant of Edgewood 
Arsenal, Md. 






thick and the two smaller 44 inch. All 4 were chamfered so as to 
leave the cylindrical edge of the orifice about ?; inch wide. All 
the other plates were flat on both sides with the hole bored straight 
through, the thicknesses of the plates being #; inch or less. 


IV. COMPRESSORS AND TEST LINE 


The general arrangement and approximate dimensions of the ex- 
perimental installation are shown in Figure 1. 

Air was supplied by one or more of a set of four 18 by 30 inch 
ammonia compressors which had a maximum combined output of 
about 30 cubic feet of free air per second. In most cases the gauge 
pressure in the test line was limited to 75 lbs./in.? at the first orifice, 
but a number of runs were also made at pressures up to 275 Ibs./in.? 
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For these high-pressure runs the compressors were compounded, s9 
that three working in parallel discharged through an intercooler to 
the fourth, acting as a second stage. 

From the compressors to the first, or 4-inch orifice station, the air 
passed successively through: (a) Two oil traps of 60 cubic feet capac. 
ity, (6) a bank of ammonia condenser coils, (c) 100 feet of 4-inch pipe, 
(d) a receiver of 450 cubic feet capacity, and (e) 130 feet more of 
4-inch pipe. This pipe, as well as the following 6 and 8 inch sections 
of the line, was ‘‘extra heavy.”’ The lengths and volumes stated 
above are, of course, only approximate. 

Any desired number of the 48 sections of the condenser coils could 
be cut out so as to change the resistance, and by this means, together 
with adjustment of a valve at the outlet from the receiver, a pressure 
drop of from 10 to 15 lbs./in.? was maintained between the compressor 
outlet and the first orifice station. This resistance, in conjunction 
with the capacities mentioned, was sufficient to prevent any appreci- 
able compressor pulsations from reaching the orifices. In the begin- 
ning, two further receivers with a total volume of 2,300 cubic feet 
were connected to the smaller receiver as additional steadying capacity, 
but they were found to be unnecessary and were shut off to save time 
in starting up. 

The 4-inch orifice station was followed by somewhat over 400 feet 
of 4, 6, and 8 inch pipe, with the 6 and 8 inch stations and three gate 
valves, located as shown in Figure 1. The terminal section of the line 
consisted of a 30-foot length of 36-inch pipe, and on the end of this 
was a flow nozzle through which the air finally escaped. The parts 
of the line which were not under cover were shielded from direct 
sunshine by semicylindrical sections of cork insulation laid on top of 
the pipe. 

V. ORIFICE STATIONS 


Except for the difference of pipe diameter all three orifice stations 
were much alike. Figure 2 is a view of the 8-inch station. The 4 
and 8 inch flanges for holding the orifice plates were kindly loaned to 
us by the Hope Natural Gas Co., and the 6-inch pair was made at 
the Bureau of Standards. 

The side holes for pressure connections, provided at various dis- 
tances from the orifice plate, were tapped with 1%-inch standard 
threads, and after the intérnal burr had been removed, brass connectors 
were screwed in, care being taken that they did not project beyond 
the inner surface of the pipe. All the upstream holes were connected 
to a single header through ;5;-inch copper tubing, each lead including 
a valve so that any one hole could be used by itself. The downstream 
holes were similarly connected to a second header, the two headers 
were connected to the differential gauge, and either header could 
be connected to the static pressure gauge. 
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Fig. 3.—Discharge nozzle and impact tips 
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The distance from the center of each side hole to the face of the 
nearer flange was measured, once for all. A punch mark was made 
on the flange, and its distance from the face was also measured, the 
marks on the two flanges being on a line parallel to the axis of the Ha 
pipe. After a plate of known thickness had been inserted and the la 
) bolts drawn up, a measurement of the distance between the two punch 
marks gave the combined thickness of the two gaskets; and on the 
permissible assumption that the gaskets were of sensibly equal thick- 
ness, the distance of any hole from the upstream face of the orifice 
plate could be computed. 
Static pressures above 100 inches of mercury were read on stand- 
ardized Bourbon gauges and lower pressures on mercury U-tube 
manometers. Differentials were read on U-tube manometers con- 
taining water, carbon tetrachloride, or mercury. 
Wells containing mercurial thermometers were located about 12 
pipe diameters upstream and downstream from the orifice plate. 
| They had fins to increase the surface in contact with the air flowing 
along the pipe. 

Thermometers were hung in suitable places for giving the approxi- 
mate temperatures of the manometer columns, so that temperature 
corrections could be applied when needed. 


VI. APPARATUS FOR MEASURING THE RATE OF DISCHARGE 






























The rate of flow of air along the line was measured by means of a 
nozzle and impact tube, according to the method described by S. A. 
Moss.! Figure 1 shows the position of the 36-inch pipe or discharge 
trunk in relation to the test line, and Figure 3 shows the end of the 
trunk with a nozzle and impact tubes in place. 

Inside the trunk a mercurial thermometer gave the temperature 
of the air approaching the nozzle, and a recording psychrometer near 
the entrance end furnished data for finding the humidity. Two 
honeycombs were used to straighten and regularize the flow along the 
trunk toward the nozzle. 

The large impact tip shown in Figure 3 was 4 inch in diameter 
and was fixed on the axis of the jet about 21% inches out from the 
end of the nozzle. It was connected to one leg of an open, vertical 
manometer containing water or oil which served to measure the im- 
pact pressure at the center of the jet, and it could also be connected 
to one leg of an inclined manometer which was employed during 
calibration. 

The small impact tip, about 0.02 inch in diameter, was mounted 
on a radial cross slide and could be traversed along any radius of the 
jet, just clearing the end of the nozzle. A scale and vernier permitted 
of de "termining its distance from the: a axis of the nozzle. This small 
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tip was used only for calibrating the nozzle, and during this operation 
it was connected to the other leg of the inclined manometer mep. 
tioned above. By traversing the small impact tip along various 
radii of the jet and taking readings of the inclined manometer, while 
the impact pressure at the large fixed tip remained constant, the 
distribution of impact pressure over the area of the mouth of the noz- 
zle could be determined. 
A mercurial barometer was provided for reducing observed gauge 
pressures to absolute pressures when necessary. 
Nine nozzles were prepared for the investigation and were cali- 
brated, but most of the observations on rates of discharge were made 
with only four of them. They were of cast 
bronze smoothly finished and polished in. 
side. The entrance curve leading to the 
cylindrical throat was a quarter-ellipse with 
a diameter ratio of 2 to 3, except in one case, 
where it was a quarter-circle. Table 2 con- 
tains a list of the nozzles, with their throat 
diameters and the approximate ratios of 
their other dimensions to the throat diam- 
eters, the notation being given in Figure 4. 


TABLE 2.—Dimensions of flow nozzles 





Nozzle 7 





— tet i 














Fia. 4.—Proportions of A . 258 2% 
flow nozzles . 





VII. MEASUREMENT OF THE RATE OF DISCHARGE 


Air from the test line entered the discharge trunk and after passing 
through the two honeycombs it approached the nozzle in a slow, 
regular stream at a speed of not over 4.2 ft./sec. It then expanded 
to the outside barometric pressure and issued from{the parallel-sided 
mouth of the nozzle as a cylindrical jet at a speed between fifty and 
four hundred times the speed of approach. 

In such a jet the impact pressure is uniform all over the middle 
part. Near the wall of the nozzle skin friction retards the motion 
and the impact pressure falls off; but this influence of the wall does 
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not reach far into the jet because with a short nozzle and high air 
speed there is no time for it to do so, and the uniform central core of 
the jet is not affected by it. 

From the uniformity of the impact pressure we may conclude that 
the fall of pressure and the increase of speed have taken place in the 
same way for all filaments of the core, and that since these filaments 
have not been affected by proximity to the wall of the nozzle the flow 
in them has been unresisted and adiabatic; that is, isentropic. The 
ideal conditions presupposed in the familiar thermodynamic theory 
of the formation of jets of gas are therefore satisfied, in the core, to a 
| high degree of approximation, and the theoretical equations may be 
relied upon for computing the rate of discharge per square inch of cross 
section of the core as is discussed in Appendix A. 

The observational data needed for this are_theoutside barometric 
| pressure, the pressure drop or differential through the nozzle, and the 
' temperature and humidity of the air approaching along the trunk. 
' The pressure drop through the nozzle is obtained from the central 

impact tip. If this tip is connected to one leg of the vertical water 
manometer while the other leg is connected to a static side hole in the 
wall of the trunk, the manometer shows no difference of pressure. 
| Strictly speaking, it gives the impact pressure of the air moving along 
the trunk, but this was never more than about 0.004 inch of water 
and was inappreciable. This relation holds quite accurately—cer- 
tainly to better than 1 part in 1,000—up to the speed of sound or the 
critical pressure ratio, though not beyond. 

It follows from the foregoing that the pressure in the central impact 
tip is equal to the pressure of the air ahead of the nozzle in the trunk, 
so that its excess over the outside barometric pressure, as read on the 
open manometer, is the same thing as the pressure drop which is 
driving the air through the nozzle. 

The theoretical equation gives the rate of discharge per square inch 
of section of the core, and if there were no skin friction and the uniform 
core filled the whole section of the mouth of the nozzle, the total rate 
of discharge could be found by multiplying the rate per square inch 
in the core by the measured area of the nozzle mouth, expressed in 
square inches. The actual rate of discharge is, of course, somewhat 
less than this because the core does not fill the whole nozzle but is 
surrounded by a nonuniform sheath in which the speed falls off 
toward the wall. The actual total rate of discharge is therefore the 
product of the theoretical rate by a discharge coefficient which is 
slightly less than unity and the value of which is determined by 
calibration. 

Observations with the small, movable impact tip serve to determine 
how the speed falls off toward the wall, and when the distribution of 
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speed in the nonuniform sheath is known, the discharge coeflicien; 
can be computed. The process will be further discussed in Appen. 
dix B. 

VIII. REMARKS ON FLOW NOZZLES 


The smoother the internal surface of the nozzle the less will be the 
tangential retarding drag of skin friction and the nearer will the 
discharge coefficient be to unity. With a given quality of surface, 
large nozzle is relatively smoother than a small one; hence it is to be 
expected that if the surfaces are finished with equal care, large nozzles 
will, in general, have higher discharge coefficients than smaller ones 
of the same shape. This-rule may, however, be subject to frequent 
exceptions, for smoothness of finish is difficult to reproduce at all 
exactly, and rather small variations in the internal finish of a nozzle 
may have an appreciable effect on the discharge coefficient. 

If the linear speed of the air is increased, each individual particle 
of air takes less time to pass through the nozzle, and there is less time 
for the retarding effect of the drag at the wall to be propagated 
inward toward the center of the jet. The diameter of the uniform 
core therefore increases, and the discharge coefficient of the nozzle 
increases with the linear speed of the jet; that is, with the rate of 
discharge or with the impact pressure in the core. 

This variation with speed is quite appreciable, especially at low 
speeds, and the discharge coefficients of such flow nozzles as were 
used in this investigation can not be treated as constants except 
over short ranges of speed. The results of the calibration experi- 
ments were represented by curves showing the relation of the dis- 
charge coefficient to the central impact pressure, and each time that 
a nozzle was used to measure the rate of flow of air along the test 
line, the value of the discharge coefficient to be used in the computa- 
tions was read from the curve for this nozzle, at the impact pressure 
observed in the large central impact tip. 

An idea of the magnitude of the above-mentioned variations of the 
discharge coefficient with diameter and impact pressure may be 
obtained from Table 3. This table contains values of the discharge 
coefficient read from the calibration curves of the four nozzles which 
were used in most of the orifice tests, at impact pressures of h=1, 2, 
5, 12, and 30 inches of water, corresponding to linear speeds of about 
66, 94, 150, 230, and 360 ft./sec. 


TABLE 3.—Discharge coefficients of nozzles 








Discharge coefficient at— 
Throat 


Nozzle diameter . 
(inehes) |) — 1 inch |h=2 inches\h ~5 inches h=12 inches|h=30 inches 


1. 764 7 0. 983 | 0.986 | 

“985 | ‘9x8 | 
. 992 | . 994 | 
. 992 | . 994 | 
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The expectation that for similarly finished nozzles the discharge 
coefficient will increase with the diameter is seen to be confirmed for 
these nozzles. The values in the table also conform to the rule that 
the discharge coefficient of a nozzle increases with the rate of dis- 
charge, and this gradual increase of the discharge coefficient, as the 
uniform core of the jet fills a larger and larger fraction of the cross 
section of the mouth of the nozzle, may be regarded as the normal 
course of affairs for a nozzle which is suitably designed for the rates 
of discharge which it is intended to measure; but exceptions to this 
normal behavior may occur if the approach to the cylindrical throat 
is too sharply curved. At the entrance end of the nozzle, where the 
cross section is large and the speed low, the degree of curvature is of 
little importance; but upon approaching the throat the speed in- 
creases and the permissible curvature becomes less. 

The curvature of the path of the particles of fluid near the wall 
of the nozzle gives rise to a centrifugal force directed inward and 
causes a decrease of pressure near the wall. In the case of a liquid, 
this may result in a detachment of the jet from the wall, so that the 
jet contracts and no longer fills the nozzle; and in the case of air, the 
result is to decrease the diameter of the uniform core at the mouth of 
the nozzle and so decrease the discharge coefficient. 

Since the centrifugal force directed away from the curved wall 
toward the axis of the nozzle depends on both the curvature of the 
path and the linear speed along it, both of these are of importance. 
With a given nozzle, the discharge coefficient may increase with the 
rate of discharge up to a certain point; but then, if the rate of discharge 
is increased still more, the effect of too great curvature of the wall 
may begin to make itself evident by a decrease of the discharge 
coefficient. 

This is what was observed with nozzles A-3 and A-4. With 
A-3 the earlier part of the calibration curve was of normal shape 
and very like the curves for the other nozzles, but when the impact 
pressure had reached about 8 inches of water the discharge coefficient 
began to fall slowly instead of continuing to increase. With nozzle 
A-4, in which the curvature near the beginning of the cylindrical 
throat was considerably sharper, this effect was much more marked 
and began earlier—when the impact pressure or the drop through the 
nozzle was only 5 or 6 inches of water. 

Calibration curves for all the flow nozzles are given in Appendix 
B, Figure 12. 


IX. DISCHARGE COEFFICIENTS OF ORIFICES FOR LIQUIDS 


The most generally useful method of describing the results of such 
experiments as those now in question is to state the numerical values 
of the discharge coefficients obtained, and that plan is adopted here. 
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But a discharge coefficient may be defined in various ways, and the 
value obtained from a given set of observations depends on how the 
coefficient is defined; hence, unless this is clearly understood, a tabk 
of discharge coefficients has no precise meaning and is useless. It is, 
therefore, advisable to discuss the meaning of the term “discharge 
coefficient” somewhat fully. 

The differential set up by a fluid flowing through an orifice depends 
on the density of the fluid as well as on the rate of flow. The density 
of an ordinary liquid is so little affected by changes of pressure that 
it may be treated as constant, but the density of a gas depends on 
the temperature and static pressure in the pipe and, furthermore, it 
decreases as the gas passes through the orifice from a higher to 4 
lower pressure. For this reason the behavior of gases is somewhat 
less simple than that of liquids, and it seems well to discuss liquids 
first. 

Let it be supposed that we have means for making a liquid of 
known density, such as water, flow steadily along a pipe and through 
an orifice installed in it; and that a pair of pressure taps and a differ- 
ential gauge are provided for measuring the pressure drop, or dif- 
ferential, from the upstream to the downstream side of the orifice 
plate. Weighing or measuring tanks are also to be provided, so that 
the rate of discharge can be determined simultaneously with observa- 
tions of the differential, and the relation between the two determined 
by experiments at various rates of flow, with various liquids and 
various orifices. 

The result of such experiments on round, concentric, square-edged 
orifices has been to show that under most ordinary conditions: 
(a) The rate of discharge M of a given liquid through a particular 
orifice is nearly proportional to the square root of the differential A, 
or Max +A, nearly; (6) if a given orifice is tested with liquidsof dif- 
ferent densities, the rate of discharge needed to set up a given differ- 
ential is nearly proportional to the square root of the density p, or 
M« +p, nearly; (c)if a larger or smaller orifice is substituted for the 
one first used, and if the pipe diameter D and the distances of the 
pressure taps from the orifice plate are also increased or decreased 
in the same ratio as the orifice diameter d, the rate of discharge of 
any one liquid, at a given differential is nearly proportional to the 
area of the orifice, that is, to the square of its diameter d, or M«d’, 
nearly. 

These three conclusions from experiment may be summed up by 
the statement that if we write 
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the value of B is nearly the same for all rates of flow, for all liquids, 
and for all round, concentric, square-edged orifices of the same 
diameter ratio d/D, so long as the pressure taps are always placed in 
the same relative positions with respect to the orifice. 

If the experiments are made on orifices of some other diameter 
ratio, a relation of the same form is obtained, but the value of B is 
somewhat different, depending on the value of d/D; and if the location 
of the pressure taps is altered, the value of B is again nearly constant 
but different from the previous value. 

If B were strictly constant under all circumstances, the result of 


‘the whole investigation could be stated by giving the one value 


found for B, and the rate of discharge in any future case could be 


‘found by substituting this value in (1), together with the known 


values of d and p, and the observed differential A. For an orifice 


' of measured diameter, employed for metering a liquid of known 


density, the quantity 
Bp =K (2) 


would be a known constant, and the computation of the rate of 


| discharge from the observed differential by means of the formula 


M= Kya (3) 


would be a very simple operation. 
In reality, the three experimental relations stated above are not 


' exact and B is not always quite constant, even for a given diameter 
' ratio and with given relative positions of the pressure taps. It may 
' vary slightly with the absolute size of the orifice, the linear speed of 
' flow, and the density and viscosity of the liquid; but under most 
| conditions of ordinary orifice meter practice these variations are 


small, and for any one diameter ratio and a given location of the 
pressure taps B may. be treated as a constant. 

It is evident from the foregoing that the results of an experimental 
study of the flow of liquids through any type of orifice, such as the 
square-edged orifice in a thin plate, might be made conveniently 
available for application to orifice meter calculations by means of 
tables or curves giving the values found for B, from which the value 
to be used in equation (1) in any particular case might be read off, 
either directly or by interpolation. This is, in substance, the method 
actually adopted, although the conventional presentation of the 
subject gives it a slightly different appearance and seems to attach 
more importance to an obviously very imperfect theory than is at 
all necessary. The conventional treatment runs about as follows: 

The flow of a liquid through an orifice is a mechanical phe- 
nomenon and is, of course, subject to the general laws of mechanics; 
but the motion is so complicated that it is impossible to construct a 
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complete mathematical theory for describing or accounting for lj 
the details of what happens. Instead of attempting this, we limi; 
ourselves to considering an ideal state of motion which bears som 
resemblance to the reality, though not a very close one, and which js 
simple enough that the rate of flow under the ideal conditions can be. 
computed exactly from mechanical principles. 

The ideal simplified state of motion is specified as one in which the 
following conditions are satisfied: (a2) At the section where the 
upstream pressure tap is situated, the velocity is uniform and parallel 
to the axis of the pipe, and the static pressure is also uniform all over 
the section and equal to the pressure indicated by a gauge connected 
to the tap; (0) at the smallest section of the orifice the velocity of the 
liquid is perpendicular to the plane of this section—that is, parallel 
to the axis of the pipe—and both the velocity and the static pressure 
are uniform all over the section; (c) the pressure in the downstream 
pressure tap is equal to the uniform static pressure in the plane of the 
orifice; and (d) there are no energy losses by turbulence, viscosity, 
or skin friction. 

In the actual motion of a liquid through an orifice installed in a 
pipe, conditions a and d are usually nearly fulfilled, and in these 
respects the ideal state of affairs does not differ very much from what 
really happens. Conditions b and c may also be nearly satisfied in 
practice, if the orifice has a well-rounded entrance or is in the form 
of a flow nozzle, and if the pressure taps are suitably placed. For 
such an orifice, the conditions presupposed in the theoretical reason- 
ing are approximately satisfied, and the rate of discharge deduced 
for the ideal case is fairly close to the true rate found by experiment. 

But with a square-edged orifice condition 6 is far from satisfied. 
In the plane of the orifice the flow is convergent, and neither the 
velocity nor the static pressure is uniform; .the jet is trumpet 
shaped, with its narrowest section or vena contracta considerably 
smaller than the orifice and some distance downstream, and _ the 
velocity and pressure are nearly uniform at the vena contracta 
instead of at the orifice. Condition c loses its meaning when 6 is not 
satisfied. The downstream pressure tap may be so placed as to give 
the pressure in the vena contracta; but it need not be, and often is 
not, so placed, and the pressure it gives depends to a considerable 
extent on where it is. 

On the whole, it may be said that the ideal state of motion for 
which the theoretical deductions are exactly true, while it may be 
nearly realized for well-shaped flow nozzles, is not a good repre- 
sentation of the facts for square-edged orifices. It is therefore not 
surprising that the “theoretical’’ rate of discharge turns out to be 
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quite different from the true rate in the case of square-edged orifices. 
Turning, now, to the consideration of the ideal case, let— 








D {ins.]= the inside diameter of the pipe; 


d{ins.]= the diameter of the orifice; 
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p=5- the diameter ratio of the orifice; 





p{lb./ft.*] = the density of the liquid; 
A{lb./in.?] =the differential ; 


S;,|ft./sec.] = the linear speed at the upstream tap; 







S.[ft./sec.]= the linear speed through the orifice; 





M{\b./sec.] =the theoretical rate of discharge; i 
M{lb./sec.]= the actually observed rate; 4 
C= M/M,=the discharge coefficient of the orifice. 






] 






Since the rate of flow is the same past the upstream tap as through 


na ie a : . . 
» the orifice and the speed is uniform over each of these sections (con- 


eS 






hat : ditions a and 6), we have 

| in D 2 d 2 

rm M.-H S.= 475) pS: (4) 
For ' whence ip 

on- d? 

vod : - Si = 72 S2= B'S: (5) 






nt. 
ed. Since there are no energy losses (condition d), the increase of 
the kinetic energy of each cubic foot of the liquid, as its speed increases 





from S, at the upstream tap to S, at the plane of the orifice, is equal 








ret 
aly to the work done on it by the pressure drop A. Hence, measuring 
he work and kinetic energy in standard foot pounds, we have 
to 
: p(S:?— 81") _ 
on 9 x 32.174 1444 (6) 


or after eliminating S, by means of (5) and solving for Ss, 


le 

S,=96 2614) Aan (8) 
or a= 90.20'V 0-2 
be 





Upon substituting this value of S, in (4), we have as the expression 
for the theoretical rate of discharge through the orifice 






(9) 
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where M,=lb./sec.; d=ins.; p=lb./ft.2; and A=]b/in?. 
The factor 

0.5250 

vi-# ug 
is independent of the absolute size of the orifice and is a constant for 
all orifices of any one diameter ratio, so long as the units specified 
above are retained. A change of units would, in general, require 
a change in the figure 0.525. 

In some unusual circumstances the effects of the departures of the 
actual from the ideal motion of the liquid may offset one another in 
such a way that the theoretical rate of discharge computed from (9) 
agrees with the rate actually observed; but, in general, the two rates 
are different, often considerably different. The ratio of the two, or 


Se 
C= N. (12) 


is known as the “‘discharge coefficient” of the orifice for the given 
liquid at the differential A; and if (12) is written in the form 


M=CM,=c 05250 


vi—B' 
it states that when the discharge coefficient C is known the true rate 
of discharge may be found by multiplying the theoretical rate by 
the discharge coefficient. 

Upon comparing (13) with (1), we find that 


d?VpA (13) 


= 0 (14) 


and B differs from C only by a constant factor, the value of which is 
determined by the units and the diameter ratio. Hence, what was 
said earlier regarding the approximate constancy of B and the con- 
venience of representing experimental results by tables of values of 
B is equally applicable to the discharge coefficient C. Tables of 
either quantity may be transformed into tables of the other by means 
of (14) without further experiment. 

The statement of results in terms of Cis the method most commonly 
adopted, and it has the advantage that Cis a pure ratio and therefore 
independent of the units in which rates of discharge are expressed, 
so long as the same unit is used for both M and M,. On the other 
hand, the constant in (14) does depend on what units are used for 
M, d, p, and A, and the same is therefore true of B. Accordingly, 
results stated in terms of B would be directly applicable only to 
computations made in terms of a particular set of units, whereas 4 
statement in terms of C is applicable, whatever the units used. A 
further advantage of stating results in terms of the discharge coefli- 
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cient C is that it conforms to established practice and so facilitates 
the comparison of new experimental results with data which may 
already have been published. 

In leading up to the conception of the discharge coefficient, the 
first step was to specify an ideal state of motion of the liquid which 
was simple enough to be treated rigorously by the principles of 
mechanics. This led to equation (9) for the theoretical rate of dis- 
charge and to the definition of C by (12). The result is satisfactory 
because, for a given liquid flowing through a given orifice, the dis- 
charge coefficient thus defined is nearly constant, so that equation 
(13) reduces to the very simple approximate form 


M=KyA (15) 


where K is a known constant, to the same order of accuracy as C 
itself is a known constant. 

But there was no necessity of specifying the ideal motion in the 
particular way adopted, for any other ideal state of motion that was 


simple enough to be treated rigorously by theoretical principles might 


equally well have been selected. A different choice would have led 
to a different expression for the theoretical rate of discharge M,; and 


' the discharge coefficient defined by (12), in conjunction with the 


equation for M,, would have had a different value. It is therefore 


| evident that the discharge coefficient might be defined in various 


ways, and that the term “discharge coefficient” has no definite 


| significance unless accompanied by a statement of how the “ theo- 
' retical” rate of discharge is to be computed. 


Since the procedure followed above leads to a satisfactorily simple 


| result, there is no object in making a change unless it either simplifies 
| the computation of M, or leads to more nearly constant values of 
| the discharge coefficient; and in practice, only one other definition of 
' the discharge coefficient is in common use. It is arrived at by adding 


to the conditions already imposed on the ideal state of motion the 
further condition that the diameter of the pipe shall be treated as if 
very much larger than the diameter of the orifice, regardless of what 
the ratio of the two really is, thus departing still further from the 


_ actual state of motion. 


Imposing this condition is equivalent to setting 8=0 in the equa- 
tions already obtained, without changing anything else, and we get 
the equations 


M’ ,=0.5250d?/pA (16) 
»_ 
0 “i, MN’, (17) 
M=C' M’.=C’ X0.5250d?-V/pA (18) 


in place of (9, 12, 13). 
14830°—29—2 
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The quantity C’ defined by (16, 17) may be called “the dischary 
coefficient with approach factor included,” to distinguish it from ( 
which is “‘the discharge coefficient with approach factor not included.” 
When the term “discharge coefficient” is used without qualification, 
it usually means ( and not C’. Comparison of (18) with (13) 
shows that Bas | i 

0=0'Vi-8 a 
so that either form of the discharge coefficient may readily be trans. 
formed into the other and a table of one is equivalent to tables of both, 

When the diameter ratio d/D=8 is small, C and C’ are nearly 
equal, and it is unnecessary to distinguish them. For exampl, 
if d=0.2D, C=0.9992C’. But if d=0.5D, C=0.9682C’, and mis 
taking one for the other would result in an error of over 3 per cent, 


X. DISCHARGE COEFFICIENTS OF ORIFICES FOR GASES 


The subject of discharge coefficients may be discussed in the same 
general way for gases as for liquids. By specifying an ideal state o/ 
motion that.is simple enough for exact treatment on theoretical 
principles we find the rate at which the gas would flow through th 
orifice if the ideal conditions could be realized, and we then expres 
the ratio of the actual to the theoretical rate as a discharge coefficient. 
If the orifice meter is to be a commercial and not merely a laboratory 
instrument, the computations must be simple, and the discharg 
coefficient must not vary too much with the rate of discharge; but, 
aside from these two requirements, the question whether the imaginary 
ideal motion bears any close resemblance to reality is of no impor 
tance whatever. 

We start by imposing the same conditions as for liquids, regardin; 
the distribution of velocity and pressure in the vicinity of the orifiwf 
and the absence of energy losses. But since the density of a gas 
depends on its pressure and temperature and changes as the gis 
flows through the orifice, the ideal state of motion requires further 
specification, either by making assumptions as to how the gas behave 
or by imposing conditions as to how it shall behave in the ideal case. 

The most obvious conditions to impose are that the gas shal 
follow the ideal gas equation pu=RT exactly, and that it shall not 
gain or lose any heat by contact with the orifice plate or the walk 
of the pipe. These supplementary conditions, with those previous) 
adopted for liquids, lead to the so-called “ adiabatic equation ” for 
the theoretical rate ef discharge and to a corresponding definitioi 
of the discharge coefficient. This equation is important and uselfil 
for some purposes, but it is much too complicated to be used 1 
ordinary practice and it need not be discussed here, though it will be 
referred to again later. 
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For the sake of obtaining a simpler result we adopt a condition 
which makes the ideal state of motion to be treated by theoretical 
principles much more unlike what really happens, and this condition 
is that the density of the gas shall remain constant during the flow 
through the orifice instead of decreasing, as it does, in fact. But 
imposing this condition is merely saying that the gas shall act like 
a liquid, and therefore the reasoning to be gone through is an exact 
repetition of what has already been given for liquids, and the result- 
ing equations are precisely the same in form. 

Only one more point remains to be specified. Having said that 
the density shall be constant, we are still at liberty to say what the 
constant value shall be and to select any value that is most con- 
venient. In practice, the choice is usually made in one of the two 
following ways. 

Let 
p,{lb./in.?] = the absolute static pressure at the upstream pressure 
tap; 
p[lb./in.*]=the absolute static pressure at the downstream 
pressure tap; 


t{° F.]=the temperature of the gas ahead of the orifice, just 
before the flow starts to converge; 


pi(lb./ft.*] = the density of the gas at jy, ¢; 
pollb./ft.*] =the density it would have at pa, t. 
Then, in practice either p; or p2 is taken as the density to be used in 


the equations; that is, the gas is treated as a liquid of density either 
p: OF pp. Introducing these specifications of the density into the 


ing equations already obtained for liquids gives us from (13) 


0.5250 ., — 
M=C, Vvi-6 =A Py pA (a) 


M= 0, Vd 


M= C,' X 0.52500? V/A (c) 


and from (18) 


or 





M= Cy! X0.5250d? V/p.A (d) 


We thus have four slightly different equations for computing the 
true rate of flow M from the observed differential A, each of which 
contains and defines ene of the four coefficients C;, C2, C,’, and C,’. 

It is convenient to have descriptive names for these discharge 
) coefficients, and, to start with, they may all be called “hydraulic” 
coefficients, to indicate that they are obtained by treating the gas as 
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a liquid, and to distinguish them from the “adiabatic’’ dischanp 
coefficient which results from using the adiabatic equation mentione 
above. The following designations may now be adopted: 

C, is “the hydraulic discharge coefficient based on the upstreay 
static pressure, with the approach factor not included’’; 

C, is “‘the hydraulic discharge coefficient based on the downstrean 
static pressure, with the approach factor not included;” 

C,’ is “the hydraulic discharge coefficient based on the upstream 
static pressure, with the approach factor included’’; and 

C,’ is ‘the hydraulic discharge coefficient based on the downstream 
static pressure, with the approach factor included.” 

These four kinds of discharge coefficients are evidently not inde. 
pendent but connected by relations which permit of computing the 
value of any one from that of any other. For example, we have 


from (20) the relations 
C,= C4] ia (a) 


C,’ = C,/¥1— 8 (b) r (21) 
a. p1 1— As 
C,' = C; »,! Vi p* (c) | 


—_> = &. & 


— 





This is merely another way of saying that the same set of exper 
mental results may equally well be expressed in any one of the four 
ways, that is, by tables or curves giving values of any one of the four 
discharge coefficients. 

In the foregoing discussion of the meaning and definition of dis 
charge coefficients, the theoretical rate of discharge M, and the true 
rate M have been expressed in pounds per second, because when the 
rates are expressed as mass per unit time the equations have a par- 
ticularly simple form; but any other units might equally well have 
been used without changing the values of the (’s, because these 
values are pure ratios and therefore independent of what units may 
be used for measuring the two rates of discharge. 

If other units were adopted, such as gallons per minute for liquids 
or cubic feet per hour at standard pressure and temperature for gases, 
equations (20) would have a somewhat different appearance. And, 
similarly, measuring diameters in feet or centimeters instead of in 
inches, or measuring differentials in inches of water or mercury 
instead of in pounds per square inch, would change the value of the 
numerical factor 0.5250. But no such changes in the units have any 
effect on the values of the discharge coefficients. 

Some of these other forms of equation, equivalent to (20), will be 
given later with illustrative examples, but that may be postponed 
until the results of the present experimental investigation have been 
set forth and discussed. 


— 
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hange XI. OUTLINE OF THE METHODS OF COMPUTATION 

= Of the four kinds of discharge coefficients defined by equations (20), 

steal only C, was computed directly from the observations, the values of 
the other three being found subsequently by means of (21). To 

—_ find the value of C,, equation (20a) is put into the form 

ee 
reen C= 0.525d * YA Si 






and the values of d, 8, M, A, and p;, are substituted. 

The internal diameter D of each of the three sizes of pipe at its 
orifice station, and the diameter d of each of the orifices, were meas- 
ured by ordinary methods which need not be described. The values 
of the factor (+/1— 64/0.525d?), which is a constant for each orifice, 
were then computed once for all. 

The values of A, M, and p; varied from one experiment to another 
and had to be determined from the observations in each case. The 
differential A was read in inches of water, carbon tetrachloride, or 
/ mercury and after reduction to pounds per square inch it was ready 

for substitution in (22); but the values of M and p, required some 

preliminary computation. 

Since the flow was kept as nearly as possible steady during each 
experiment, the rate of flow through any orifice inserted in the 
line was the same as the rate of discharge from the flow nozzle on 
the end of the discharge trunk and was to be determined from obser- 
vations there. The quantities required were: (a) The outside baro- 
metric pressure, (6) the impact pressure at the center of the jet, 
(c) the temperature of the air in the discharge trunk ahead of the 
nozzle, and (d) the wet bulb depression read from the chart of the 
recording psychrometer in the trunk. The calibration curve of 
‘the nozzle having been determined by separate experiments, the 
value of M could be computed from the observations just mentioned. 

The remaining quantity needed for substitution in (22) is the 
density p,, which is, by definition, to be computed for the upstream 
static pressure p, and the temperature ¢ of the air just ahead of the 
orifice. Since the air was not dry but contained a small admixture 
of water vapor, the humidity had to be known so that allowance might 
be made for the effect of the vapor. 

Thep ressure p, is the sum of the static gauge pressure at the 
upstream tap and the outside barometric pressure. The static 
gauge was usually connected to the upstream tap and the pressure 
there observed directly, although since the differential was always 
observed at the same time, the static gauge might equally well have 

been connected to the downstream tap. : 

The temperature ¢ was taken to be the mean of the temperatures 
t, and ft, read at the upstream and downstream thermometer wells, 
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each about 12 pipe diameters distant from the orifice plate. 4) 
error of 1° F. in the value of ¢ causes an error of 1/1,000 or less in thy 
value of C,, and since this was small in comparison with the othe 
accidental errors of the experiments, an accuracy of +1 degree yx 
sufficient. 

When the outside air was much hotter or colder than the air in thy 

pipe, the resulting heat leakage was sometimes enough to make; 
and ¢, differ by 2° or more, but in most of the experiments the diffe 
ence was much less than this, and either ¢, or t, could be used in play 
of the mean value without causing any significant change in 0,. | 
runs where this was found to be the case, further readings of one ¢ 
the thermometers were usually dispensed with. 
_ In addition to the values of p, and t, which would have sufficed 
the air had been perfectly dry, it was necessary to know what fractiq 
of the mixture consisted of water vapor. After the air entered th 
test line it had no opportunity to take up more water, and the vape 
content could not increase. On the other hand, the pressure wi 
continually falling, while the temperature remained nearly constant, 
so that the vapor in the expanding mixture was becoming more dilut 
and further from saturation and there was no tendency for water ty 
be precipitated. Hence, the composition of the moist air remained 
unchanged along the line and was the same at each orifice as in the 
discharge trunk where the psychrometer was situated. 

A sufficiently accurate measure of the vapor content of the airs 
provided by the value of the ratio z/p, where p is the total pressur 
of the mixture and z is the partial pressure of the water vapor in it 
The value of z/p was found for the air in the discharge trunk fron 
the observed pressure, temperature, and wet bulb depression. The 
hygrometric tables in the “Smithsonian Meteorological Tables” wer 
used for this purpose. The value of z/p thus found was applicabk 
to the air at higher pressures upstream, for reasons stated above. 

The values of p,, ¢, and z/p being known, it was possible to con: 
pute the value of p,; from known data on the properties of dry ai 
and water vapor. The following values were used: 

The density of dry air containing the normal amount of carbo 
dioxide, at 32° F., and at the pressure of 1 atmosphere or 14.6%! 
Ibs./in.?, was taken to be 0.08072 lb./ft.2 The coefficient of expansion 
at the constant pressure of 1 atmosphere was taken to be 1/490 0 
the volume at 32°, per degree. This is very close to the mean valu 
over the range 32° to 122°. Values of the (pv) product, needed i 
determining the correction factor which allows for the departur 
from Boyle’s law, were taken from the ‘“Warmetabellen” issued by 
the Physikalisch-Technische Reichsanstalt. The specific gravity 0 
water vapor, referred to dry air at the same pressure and temperatult, 
was assumed to be 18/29. 
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On the basis of the foregoing data, if air followed Boyle’s law 
xactly, the density of dry air at ¢°F. and p, lb./in.? would be 


e Was ue. al _ 490 
: 0.08072 x 4A X grg 4 720914 ae 


1D the Within the range of pressure and temperature covered in these 
ake {fiexperiments, the value of the (pv) product at any one temperature is 
liffe-Mnot quite constant but decreases slightly as the pressure is raised. 
Hence, the density at any pressure p, is greater than the Boyle’s 
jaw value given by (23) in the ratio 


(pv) at t° and 14.7 Ib./in.? 

“(pv) at © and p, Ibn? ~* 79) 
Since the air is not dry but contains water vapor at the partial 
pressure 7, the partial pressure of the dry air in the mixture is only 
(p,—-7). This substitution of water vapor for a part of the dry air, 
without changing the total pressure, has the same effect on the 
density as if a fraction 7,/p, of the dry air had been made lighter in 
the ratio 18/29; or as if the fraction 7;/p, of the whole number of 
molecules of air had been removed and replaced by the same number 
of water molecules, which are only 18/29 as heavy. The density 
as computed for dry air at p;, ¢ must, therefore, be multiplied by the 
correction factor 









/ft.3 (23) 

























ur is D1 —nt55 ™ z 

sun =1—0.38 (25) 
in it Pr 1 

from The equation finally obtained from (23, 24, 25) is 

The 





pi= 2.6914 5 a a¥ (1-0. 38 (26) 





Sand this was used for computing the values of p,; to be substituted in 
(22) for computing the value of C\. 

To facilitate the work of computation, curves giving the values of 
log Y in terms of p, were drawn for each 10° from 32° to 112°. The 
value of log Y for any values of p, and ¢ could then be obtained by 
interpolation from this set of curves. 

Within the range of conditions covered by these experiments the 
departure of air from Boyle’s law increases with rising pressure or 
falling temperature, but it is never large, and Y remains between 
1.00 and 1.01. For example, if p,=295 lbs./in.? and t=42°, the cor- 
rection factor is Y=1.0092. Hence if Y were omitted from (26) the 
value computed for p, would be somewhat less than 1 per cent low 
and the resulting value of Q,, one-half per cent high. But. this 
represents an extreme case, for the pressure was usually much less 
| than 295 Ibs./in.? and the temperature was seldom or never as low 
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as 42°. Hence, in the great majority of instances the effect of the 
departure from Boyle’s law was insignificant and Y could be omitta 
from (26) without affecting C, by as much as 1 in 1,000. 

It may be remarked here, however, that in some natural gases the 
departures from Boyle’s law are so much greater than in air that 
when such a gas is to be metered through an orifice at high pressure, 
failure to allow for these departures when interpreting the meter 
readings may result in errors of several per cent. 

The humidity correction was also always small. If the air wer 
completely saturated at as high a temperature as 90°, and its absolute 
pressure were as low as 20 lbs./in.?, the value of the humidity factor 
would be 1—0.387;/p, =0.9868, so that the correction to C, would be 
nearly 0.7 per cent. But at lower temperatures or higher pressures 
the possible concentration of water vapor is relatively less and the 
correction is smaller. In many of the experiments it was negligible. 

In computing the value of the correction term (0.387,/p,), it is 
assumed that the air and the water vapor exert their partial pressures 
independently, each as if the other were not present, and that each 
of them follows the ordinary gas equation pp=RT. These assump. 
tions are, of course, only approximately true; but when the water 
content is low and the correction small, as it always was, they are 
quite adequate to the purpose. 


XII. LOCATION OF THE PRESSURE TAPS 


In addition to the abrupt fall of pressure from the upstream to the 
downstream side of the orifice plate, there are other variations of 
pressure along the wall of the pipe near the orifice, particularly on 
the downstream side, so that the differential observed at any given 
rate of discharge depends on the distances of the pressure taps from 
the orifice plate and the observations have no precise meaning un- 
less these distances are specified. This may be done most satis- 
factorily in terms of the diameter of the pipe as the unit, by stating 
the values of 1,/D and 1./D, where 1, and 1, are the distances from the 
upstream face of the orifice plate to the centers of the upstream and 
downstream taps, and D is the inside diameter of the pipe. 

Since there is nothing in the definitions of the discharge coefli- 
cients by equations (20) to fix the positions of the pressure taps, any 
pair of distances might be adopted; but in American practice three 
particular arrangements have become more or less standard, to the 
exclusion of others. They may be designated and described as follows. 


1. PIPE TAPS 


The standard distances, expressed in pipe diameters, are 1,/D=2.5 
and /,/D=8, but these distances need not be at all exact because in 
both these regions the pressure varies slowly along the wall of the 
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pipe and the tap may be displaced some distance from the standard 
position without any appreciable effect on the discharge coefficient. 
To the accuracy now attainable in the commercial use of orifice 
meters, and so long as the diameter ratio of the orifice is not greater 
than 8=0.6, a tolerance of at least +1 pipe diameter is permissible 
in the distances of the taps from the orifice plate. 


2. THROAT TAPS? 
The standard distances are 1,;/D —1 and l./D=0.5. 
3. FLANGE TAPS 


[he standard positions for the pressure holes are 1 inch from the 
nearer face of the orifice plate, regardless of the thickness of the plate 
or the diameter of the pipe, so that there are no standard values of 
L/D and 1,/D. 

For orifices of diameter ratios up to 8=0.6, installed in 6-inch or 
larger pipes, it seems probable that holes at any smaller distances 
from the plate would give sensibly the same differential, and that 1 
inch is merely a safe upper limit.* But for orifices of larger diameter 
ratio, or for much smaller pipes, this would no longer be true and the 
positions of the pressure holes would need to be more accurately 
specified. It would also be desirable to adopt a standard upper limit 
to the thickness of the orifice plate, expressed as a fraction of the pipe 
diameter. 

There would be some advantages in abandoning this arrangement 
in favor of one in which the pressures were taken off right in the 
corner at the face of the plate through a narrow circumferential slit 
left between the plate and the end of the pipe, as recommended by 
| Hodgson.* 

In the present investigation each orifice was tested with three com- 
binations of pressure taps which corresponded, roughly, to those 
mentioned above; and in each experiment the differentials were read 
between the three pairs of taps, as nearly as practicable at the same 
time and under the same conditions of flow. Auxiliary experiments on 
the longitudinal distribution of pressure for orifices of various diameter 
; ratios made it possible to reduce the values obtained for C, to what 
they would have been with the taps in the standard locations. The 





? This designation is used here for lack of a better short term. Such appropriateness as it can claim con- 
sists in the fact that on the downstream side of orifices of medium diameter ratio the lowest static pressure 
is usually found at about one-half pipe diameter from the orifice plate, so that this section corresponds in 
an measure to the throat of a Venturi. The term “Venturi taps’’ might, perhaps, be an acceptable 
alternative. 

See Holbrook Gaskell, jr., Proc. Inst. Civ. Eng., 197, p. 250; 1913-14. Horace Judd, Trans. A. S. M. E., 
38, p. 331; 1916. J. M. Spitaglass, Trans. A. S. M. E., 44, p. 919; 1922. 

‘J. L. Hodgson, The Orifice as a Basis of Flow-Measurement, Inst, Civ. Eng., Selected Engineering 
| Papers, No. 31; 1925, 
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necessary corrections were usually quite negligible, but they wer 
applied when they were as large as 1 in 1,000. The discharge coeff, 
cients to be given are therefore to be regarded as referring to the thre 
standard combinations of pressure taps described above. 


XIII. METHOD OF ANALYZING THE RESULTS 


The three sets of results, each comprising about 360 separate 
values of the coefficient C,, were examined separately but treated jy 
the same general manner. Orifice plates of about the same diameter 
ratio were grouped together, and the values of C, obtained for each 
group were plotted as ordinates against the values of the pressur 
ratio ~2/p:=r as abscissas. A smooth curve was drawn to represent 
the general run of the points, and the result was a set of curve 
representing, approximately, the relation 


C,=f(r) (8 constant) 


for each of the mean values of 8 pertaining to the several groups of 
orifices. 

Values of C, were then read from these smooth curves at r= 1.00, 
0.95, 0.90, ... ete., and the values for each r were plotted against 
the values of the diameter ratio 8. If the original curves had been 
consistent with one another, the points of this second or cross plot- 
ting would have fallen on a set of smooth curves 


C, =f, (8) (r constant) (28) 


but in reality they were somewhat scattered, showing that the first 
set of curves required some modifications. By gradual readjustment 
two consistent sets of smooth curves were obtained, which appeared 
to represent the aggregate of all the values of C, as well as could be 
done. 

Since such a process involves a good deal of judgment on the part 
of the operator, it was carried through on the throat tap values 
several times by each of two persons, at considerable intervals of 
time, and the results were tabulated and compared. For diameter 
ratios up to 6=0.5, the different independent estimates of the most 
representative mean value of C,, at any given value of the pressure 
ratio r, seldom differed by as much as 0.5 per cent and were usually 
closer together than that. But for the higher diameter ratios 
where the possible range of pressure ratios was short, on account 
of the limited air supply, and where there were fewer observations, 
the different estimates sometimes differed by as much as 1.5 pe! 
cent. 

After a good deal of study it was found that if the results obtained 
in the 4-inch pipe were set aside for separate discussion, the value 
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of C, for the 6 and 8 inch pipes could be represented satisfactorily by 
empirical equations of the general form 


C,= ¢(r, B) (29) 
the particular forms of the equation being different for the different 
combinations of pressure taps. 

In deciding on the form to be adopted for (29), two conditions had 
to be satisfied. The first was that at any given pressure ratio r the 
Elimiting value of C,; as B approaches zero must be the same for all 
three pairs of pressure taps. This is evident from the consideration 
that when 8 is very small the flow is merely a discharge from one 
large space into another, with the fluid in each of the spaces so nearly 
at rest that, aside from gravity, its pressure is sensibly the same on 
all parts of the wall, and the location of the pressure taps is immaterial. 
The empirical equations (29) for the three combinations had, therefore, 
to become identical for B=0. 

The second condition arises from the fact that when the percentage 
differential is very small and the pressure ratio p./p,=r approaches 
unity, the effects of compressibility vanish and air behaves like a 
liquid of the same kinematic viscosity.6 This means that if the 
Minfluence of viscosity is negligible, as it was in all or nearly all of our 
xperiments, the value of C, for a given orifice and for very low per- 
entage differentials must be the same as the discharge coefficient of 
Mthe orifice for water. 

This familiar experimental fact would have provided a desirable 
icheck on our limiting values of C, for r=1, if accurate values of C as 
la function of 6 had been available for water. We did not find any 
such values for orifices installed in pipes, which appeared to be more 
trustworthy than an extrapolation from our own values for air, but 

here is one particular value which seems pretty well fixed. 

If the percentage differential is very small, and if the diameter 
atio is also very small, the value of C, for air must become identical 
vith the value for a submerged jet of water issuing from a round, 
Bquare-edged orifice in the wall of a large tank. This quantity has 
been the subject of a great many measurements, and the best deter- 
Muinations ®° show that when the Reynolds number’ is high enough 
hat viscosity no longer has any appreciable influence, the value is 
‘lose to 0.597. This agrees well with a natural extrapolation from 
ur observed points to r=1 and B=0, and also with the experiments 
{ Bachmann * on air. We therefore adopted this figure as a funda- 
nental value to which C, must converge when r=1 and B=0. 





‘See Section XXIV. 
* See for example, Hamilton Smith’s ‘‘ Hydraulics,’’ Chap. XI. 
"See Section XXIV and Appendix C. 

*H. Bachmann, Dissertation, Darmstadt; 1911. 
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The results obtained for 8 and 6 inch pipes did not show any 
systematic differences greater than the accidental differences betwee, 
ostensibly similar orifices of the same size; but the coefficients fq 
the 4-inch pipe were, on the whole, distinctly higher. The table 
of discharge coefficients presently to be given are therefore to }y 
understood as representing our average results from 6 and 8 inch 
plates only. 

XIV. RESULTS FOR THROAT TAPS 


Throat taps are, by definition, located one pipe diameter upstream 
and one-half pipe diameter downstream from the upstream face of 
the orifice plate. The definitions of the four familiar forms of dis 
charge coefficient, C;, @,, O’:, and C’s, are given by equations (26) 
in Section X, above, and the relations between them are given by 
equations (21). 

Our average results for orifices in the 6 and 8 inch pipes are repre. 
sented by the equation 


C; = 0.5970 + 0.0964 — 0.115 (2 +2?)(1+ 1.584) (30) 
in which 
PEA: saat: 
Pi 
that is, x is the differential, expressed as a fraction of the upstream 
static pressure. 
Values of C, computed from (30) are given in Table 4. 


iF (31) 


TaBLe 4.—Throat taps 


[Values of C,, the hydraulic discharge coefficient based on the upstream static pressure, with the approach 
factor not included] 


C;,=0.5970+-0.09 64—0.115 (z+-22) (141.5 84) 


B= J . : y , 0.55 
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The shortening of the later columns is due to the limited compress0! 
capacity, which made it impossible to attain high differentials with 
the larger orifices. 

Equation (30) is purely empirical and should not be relied on out 
side the limits shown by the table. We had some observations 0 
the smaller orifices at pressure ratios as low as r=0.3, and the equ 
tion appears to fit these points within the experimental errors, but 
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there were relatively few of these observations, and we prefer not to 
trust the equation for pressure ratios lower than shown in the table. 

As regards higher values of 8, our observations were not satis- 
factory. Even for the smaller diameter ratios, the accidental errors 
were large and the resulting points much scattered, when the per- 
centage differential was low; and in no case would the observations 
at pressure ratios greater than r=0.95 have sufficed, by themselves, 
to determine a curve C,=f(r). At higher percentage differentials 
the observations were more consistent and for the plates of small 
or medium diameter ratios, which could be tested over a large range 
of values of 7, a fairly good determination of the mean curve was 
possible. But with large diameter ratios the possible range of r was 
narrower and the scattering worse. 

For example, with two orifices for which 6=0.6904 and 0.7042, 13 
values of C, obtained at pressure ratios greater than r=0.956 were 
distributed irregularly between 0.598 and 0.643. In another case 
with four orifices, of diameter ratios from 0.780 to 0.802, 15 values of 
' (, obtained with pressure ratios down to r=0.967, were scattered 
' between 0.610 and 0.664, with one additional value at 0.713. 

In both these instances the mean value of C, was within one-fourth 
per cent of the value computed from equation (30) for the mean 
values of 2 and 8, and it seems probable that, for low percentage 
differentials, the equation gives a fairly good representation of the 
‘facts for 6 and 8 inch pipes up to B=0.8; brit we do not recommend it 
for use when the diameter ratio of the orifice is greater than B=0.6, 

the limit shown in the table. 
| After the values of C; had been obtained those of C;, 0’;, and C’2, 
' defined in Section X, were found from them by means of equations 
(21), and the results corresponding to Table 4 are given in Tables 
| 5,6, and 7. 
q TABLE 5.—Throat taps 


' [Values of Cy, the hydraulic discharge coefficient based on the downstream static pressure, with the 
approach factor not included] 


C=C, J ze 
1—z 
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TaBLE 6.—Throat taps 


[Values of C’;, the hydraulic discharge coefficient based on the upstream static pressure, with the Approach 
factor included] 


C= Ci/-Vi-B 





0.3 






































TABLE 7.—Throat taps 


{Values of C’:, the hydraulic discharge coefficient based on the downstream static pressure, with the 
approach factor included} 











0.597 | 0.598 
- 606 - 607 
- 616 - 617 
- 626 . 627 


- 637 - 637 
- 648 - 648 
- 660 . 661 
- 673 . 674 
. 688 - 688 
. 704 . 704 
- 722 - 723 
































Table 8 contains values of a fifth discharge coefficient C,, defined 
in analogy with (20) by writing 
0.5250 
V1—p* 


in which p, is the density of the air at ¢° F. and at the mean pressure 


M= Cn pnd (32) 


— Pit Pr 
eens 


It is connected with C, by the equation 


Pu 


Ca= OV a—e 


and might be designated as “‘the mean hydraulic discharge coeflicient 
with approach factor not included.”’ 





mi 
ap 
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The corresponding quantity 


m= C,/¥1— 6* (35) 
might then be called ‘‘the mean hydraulic discharge coefficient with 
approach factor included.”’ 

TABLE 8.—Throat taps 


[Values of Cm, the mean hydraulic discharge coefficient, with the approach factor not included] 


Ca™= CG; aa 


2-z 






































| Table 9 contains values of the “adiabatic” discharge coefficient 
g found from those of C,; by means of the relation 


2(1 —r) (1 — B*r**) 
7r*—r*) (1 — B*) 





C.= 0; (36) 
Readers who are interested in this quantity may be assumed to be 
"already familiar with the theoretical considerations on which the 
definition of C, is based. They are usually set forth in works on 
/ technical thermodynamics and are similar to those involved in the 
B theory of the flow nozzle discussed in Appendix A to the present 
» paper. 

TABLE 9.—Throat taps 


[Values of C,, the adiabatic discharge coefficient] 





] 


0.2 0.3 
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The relations of the various discharge coefficients to one another 
and to the pressure ratio and diameter ratio may be exhibited mos 
clearly by curves drawn from the tabulated values, either with r as 
abscissa for constant 8, or with 6 as abscissa for constant r. A few 
such diagrams may be given. 

Figure 5 shows curves drawn with r as abscissa for the limiting 
diameter ratio 8=0; that is, for a small orifice between two large 
spaces. Since the differential is independent of the positions of the 
pressure taps, when £ is sufficiently small, these curves are applicable 


Fic. 5.—Variation of discharge coefficients with pressure ratio, 
for small diameter ratios (Tables 4, 5, 8, and 9) 


to all three types of pressure connection. Moreover, when 8 is very 


small, the curves for 0’;, O’:, and Cay’ become identical with those for F™ 


C,, C2, and Cy, respectively. 

The following points may be noted: 

(a) As r decreases and the differential becomes a larger and large F 
fraction of the upstream static pressure, C, decreases only about two F 


thirds as fast as C, increases. In other words, the discharge coefli- J Be 


cient C,, based on the density at the upstream pressure, is somewhat F 
less affected by changes of the pressure ratio than is the coefficient i 
C2, based on the downstream pressure, i 
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(b) The values of C, are not greatly different from those of the 
“adiabatic” coefficient C,. 

(c) The mean coefficient Cp, defined by (34), is nearly constant 
over a wide range of pressure ratios. If the indicating and recording 
mechanism of an orifice 

eter were so designed as 
o be actuated by the mean 
of the two static pressures, 

the meter could be used 
ithout any correction for 
hange of coefficient with 
pressure ratio, over a much 
wider range than when only 
ne of the two static 
pressures is employed. By 
sing a pressure somewhat 
nearer the lower of the two, 
he first part of the curve 
or C,, might be made very 
lose to a horizontal straight 
jine. 
| When the diameter ratio Fic. 6.—Discharge coefficients for B=0.5 and 
js not very small and the dif- for throat taps (Tables 4 to 9) 
ferentials measured between 
the different pairs of taps are appreciably different, the diagrams will 
be different for the three pairs, and the curves for 0’;, C’2, and C’m 
Pwill not coincide with those for 0,, C2, and Cy. The curves for throat 
aps and for the diameter ratio 8=0.5 are given in Figure 6. 
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Fig. 7.—Variation of C; and C, with area ratio for throat taps 








| Another mode of representation is illustrated in Figure 7, in which 
the abscissa is 6’, or the ratio of the area of the orifice to the cross 
: ection of the pipe, and each curve refers to a constant pressure ratio 
| Mstead of to a constant diameter ratio as in F igures 5 and 6. 

>  14830°—29-—-3 
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The middle curve gives the limiting values of both C, and (, fy 
vanishingly small differentials, on the supposition that the effect; 
of viscosity are negligible. The two lower curves give the values of 
C; for differentials of 5 and 10 per cent of the unstream pressure, anj 
the two upper curves give the corresponding values of C;. 

Since equation (30) is linear in #* for any fixed value of z, all thes 
curves would be straight lines if 6* were used as abscissa instead of the 
area ratio (6. 


XV. COMMENTS ON THE RESULTS FOR THROAT TApPs 


The values given in Tables 4 to 9 are rounded off from values con. 
puted to four decimal places, and since they have not been furthe 
smoothed, the run of the differences is sometimes irregular by on 
unit in the third place. But even the third figure has little generg| 
significance as regards absolute values. 

Equation (30) represents the mean of our results for the 6 and§ 
inch pipes over the ranges of r and 8 covered by the tables, and it 
indicates what may be expected, on the average, from such orifices 
as were described in Section III when (a) they are installed in long 
straight runs of pipe, (6) the flow is steady, and (c) the product of the 
differential in inches of water, the mean static pressure in pounds per 
square inch, and the square of the orifice diameter in inches is not les 
than 10.° But the values of C, for individual orifices showed systen- 
atic departures of as much as | per cent, and occasionally more, from 
the average represented by equation (30). 

These individual pecularities were most marked among the smalle FF 
orifices, in which a given degree of imperfection of the upstream come 
of the orifice is relatively more important than for larger orifices. It 
was thought, at first, that these unexpectedly large differences 0 
behavior between orifice plates of the same diameter ratio could be 
referred to differences in the ratio of the width of the cylindrical edg: 
to the diameter of the orifice, but this explanation was found to be 
inadequate. For experiments on a series of cylindrical orifices in 
flat plates of various thicknesses showed that so long as the thicknes 
was less than one-fourth of the diameter of the hole its value was 
unimportant. This result agreed perfectly with the results obtaine F 
by S. J. G. Thomas ” for much smaller orifices. 

We are left with the impression that it is a difficult matter to pro- 
duce a number of duplicate plates which will al! give the same dis FF 
charge coefficient within +0.3 per cent. 7 

The 4-inch plates gave higher values of 0, than the 6 and 8 inch F 
plates and for any given diameter ratio the mean curve (,=/7— 





* See Section XXIV and Appendix C. 
© Phi]. Mag., 44, p. 969; November, 1922. 
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for the 4-inch plates would lie about 1.5 per cent higher than the 
mean curve for the 6 and 8 inch plates, represented by (30). 

The values of (C, for individual 4-inch plates differed from their 
mean by amounts up to +1.5 per cent; that is, they were from 
nothing up to 3 per cent higher than values computed from (30). 
One 4-inch plate gave values of C, low enough to agree very well 
with (30). It had been noted, after microscopic examination, as 
having a “‘poor edge, rough and ridged,” and this imperfection 
doubtless accounted for its departing so far from the mean of the 
4-inch plates. This was one of the bureau plates, of diameter ratio 
8=0.3295. 

The range of variation of the values of (C, for the 4-inch plates 
from their mean, or +1.5 per cent, was somewhat greater than the 
similar range for the 6 and 8 inch plates about their mean, repre- 
sented by (30). Moreover, with the 6 and 8 inch plates the depar- 
tures from the mean were most pronounced for the small values of 
8; that is, on the whole, for small absolute diameters. Both these 
facts point to the necessity of greater perfection of workmanship 
for small than for large orifices, if any standard table of discharge 
coefficients is to be relied upon. 

Possible reasons for the high values of C; obtained from the 4-inch 
plates will be suggested in Section XXYV. 


XVI. RESULTS FOR FLANGE TAPS 


| The pair of flanges for holding the 8-inch orifice plates was one 

loaned to us by the Hope Natural Gas Co., and the holes for the 
pressure connections were approximately at the standard distances 
of 1 inch from the nearer face of the plate. In the 6-inch flanges, 
which were made at the Bureau of Standards, these distances were 
about three-fourths inch, so that for the 8 and 6 inch pipes the 
pressure taps were not equally distant from the plate, but at distances 
proportional to the diameter of the pipe. With pipes as large as 
6 inches in diameter, such small variations have no appreciable 
effect on the differential, or on the discharge coefficient computed 
from it, unless the diameter ratio is considerably higher than B= 0.6. 

Our average results for orifices in the 6 and 8 inch pipes are repre- 
sented by the equation 


C, = 0.5970 + 0.126 — 0.68" — 0.115(@ +2”) (1 + 1.56%) (37) 


in which, as before, 


mS . es: 
r= m 1-r (38) 


© Values of Q, computed from (37) are shown in Table 10 and the 
» corresponding values of C2, C’;, C’2, and C,, in Tables 11 to 14. 
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TABLE 10.—Flange taps 


[Values of C,, the hydraulic discharge coefficient based on the upstream static pressure, with the approach 
factor not included] 


C;=0.5970-+-0.128'—0.681?—0.115(z+-21) (141.584) 





0.2 , 0.4 



































TABLE 11.—Flange taps 


[Values of C:, the hydraulic discharge coefficient based on the downstream static pressure, with the 
approach factor not included} 


+ 
a= OW it3 


0.2 | 0.3 0.4 





0. 597 
. 606 


- 616 
- 626 


- 637 
- 648 
- 660 








- 688 


SRS ABBS RBRS 


























TaBLE 12.—Flange taps 


[Values of C’;, the hydraulic discharge coefficient based on the upstream static pressure, with the approach 
factor included] 


C= Ci -V1- BE 








0.3 


.-) 
i) 





" 
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Uae Rees 














Bas 
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TABLE 13.—Flange taps 


7 of C’s, the hydraulic discharge coefficient based on the downstream static pressure, with the 
[V alues 9 : 
approach factor included] 


C's= Ci Vi— BA 








0. 598 
. 607 
-617 
- 627 





- 637 
. 649 
- 661 
. 674 


- 688 
. 704 
3 eee 


























TaBLE 14.—Flange taps 


(Values of Cu, the mean hydraulic discharge coefiicient, with the approach factor not included] 


Cam Ca] 55 


0.3 








* 599 
‘507 


- 595 
. 593 
. 590 
































| Tables of C’,, and C, may readily be computed by means of equa- 
| tions (37, 34, 35, 36), but since these two forms of the coefficient are 
/ not in common use they may be omitted. The table for C, is given 
| in order to call attention again to the advantage of this quantity. 
Values of C’, would have the same property of approximate in- 
' dependence of the pressure ratio for orifices of any one diameter ratio. 
| Equation (37) satisfies the condition of reducing to identity with 
| (30) when B=0. Like (30), it is a purely empirical representation 
| of the observed facts, and it does not lay claim to validity outside 
| the limits shown by the tables, although it does, in fact, represent 
"such observations as were made outside these limits with about the 
/same accuracy as equation (30) for the throat tap combination. 

' Figure 5, for 8=0, is applicable to flange taps, as already remarked. 
The curves for 8 =0.5 would be very like those of Figure 6, and since 
| the information they would convey is all contained in the tables it 
' seems unnecessary to give them. 











598 Bureau of Standards Journal of Research [Vol 9 


XVIi. COMMENTS ON THE RESULTS FOR FLANGE Taps 


Much the same comments may be made here as in Section XV 
with regard to throat taps. Equation (37) represents the average 
results obtained from orifices installed in the 6 and 8 inch pipes, but 
the values of C, for individual orifices departed from the mean jn 
the same way and by about the same amounts as when the differ. 
entials were measured between the throat taps. 

The 4-inch plates likewise behaved as described in Section XY. 
One of them agreed with the equation, but the others gave values 
of C, from 0.3 to 3.2 per cent higher than computed from (37), the 
average excess being about 1.3 per cent. 

In one respect the results for flange taps differ from those for throat 
taps. This difference is shown by Figure 8, in which F is the limiting 
curve C,=f(8?) for x=0 and for flange taps, while T, repeated from 
Figure 7, is the corresponding curve for throat taps. 


Fia. 8.—Limiting values of C, at a» —— for throat taps (T) and flange 
aps (f 

As 8 increases from very small values, where both arrangements 
of taps give the same differential, C, increases more rapidly for flange 
than for throat taps, as indicated by the term 0.126* in (37) compared 
with 0.096 in (30). The pressure is a little higher near the plate 
than it is one-half pipe diameter downstream, so that the differential 
is lower and the discharge coefficient higher, and this difference 
increases with 8, up to about B=0.6 or 6?=0.36. 

But as f increases, the downstream minimum of pressure moves UP 
toward the plate and the pressure at the flange tap falls, relatively 
to that at the throat tap. The effect of this is that as 6 continues 
to increase, the difference between the differentials measured in the 
two ways increases less rapidly, reaches a maximum, and then falls 
off, the two values of C; approaching each other. At some point, 








Bean, Buckingha ™] 
Murphy 


Discharge Coefficients of Orifices 599 


indicated by P in Figure 8, the curves cross, and thereafter the 
discharge coefficient is lower for flange than for throat taps. 

Assuming that the equations (30) and (37) from which the curves 
are drawn remain valid for 6>0.6, and that the dotted portions of 
the curves are approximately correct, the crossing occurs at about 
s°=0.475 or B=0.69. For still higher. diameter ratios, the value of 
(, for the flange taps decreases and, as shown by our experiments, 
it is lower at B=0.79 than at 8=0.70, and still lower at 8=0.83. 

These peculiarities of the curve for flange taps are sufficiently well 
represented by the inclusion of the term —0.68" in (37). More 
extensive and more accurate experiments would doubtless permit of 
improving the empirical equations for both flange and throat taps, 
| but the present forms of (30) and (37) seem to be as good as the 
observations they purport to represent. 


XVIII. RESULTS FOR PIPE TAPS 


Pipe taps are, by definition, placed 2.5 pipe diameters upstream 
and 8 pipe diameters downstream from the orifice plate. 

Our average results for orifices in the 6 and 8 inch pipes may be 
represented by the equation 


(, = 0.5970 + 0.0068 + 0.54674 + Ba?—0.115(@@+2")(1+116°) (39) 


in which 


(40) 


Values of C, computed from (39) are given in Table 15 and the 
corresponding values of (:, C’;, and C’; in Tables 16, 17, and 18. 


TABLE 15.—Pipe taps 


[Values of Ci, the hydraulic discharge coefficient based on the upstream static pressure, with the approach 
factor not included.] 


C,=0.5970+-0.0068-+-0.548?-3-+-632?—0.115(z-+2") (14-118%) 





| | 
0.1 0.2 | 0.3 0. 35 | 0.4 0. 45 0.5 
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TABLE 16.—Pipe taps 


[Values of (C2, the hydraulic discharge coefficient based on the downstream static pressure, with the 
approach factor not included] a 


on oft, tl 















































TABLE 17.—Pipe taps pl 


[Values of C’:, the hydraulic discharge coefficient based on the upstream static pressure, with the approach fr 
factor included] th 


aed ietalidendttihal 0. 


0.1 | 0.2 0.3 











al 0.612 ‘ . 765 | 0. Wi 
594 | .605 ; 663 | . 688 748 | 

.588| .598] . ; 6. ; ; : 77 pl 
580} . 591 


. 572 . 582 . . . ° : . ; 
. 573 ae 

- 564 
. 554 


- 532 . | : 
. 520 1 va 
































TABLE 18.—Pipe taps gi 


[Values of C’2, the hydraulic discharge coefficient based on the downstream static pressure, with the fie 
approach factor ineluded] Py d 


C= C2 -Vi— BA 





0.3 0. 35 





38 R8e8 


a1 
aASo 








i~c) 
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Like equations (30) and (37), equation (39) is not to be regarded | 
as valid beyond the limits of r and 8 for which values are given in He 
the tables. 


XIX. COMMENTS ON THE RESULTS FOR PIPE TAPS 


Over the range of r and 6 covered by the tables, the values of C, 
for individual plates of the 6 and 8 inch sizes departed from the mean 
values, represented by the empirical equation (39), in the same way 
as was found to occur with throat and flange taps, though the depar- 
tures were, if anything, not quite so large. 

With the exception already noted, the 4-inch plates gave systemati- 
cally higher values of C, than those computed from (39). 

If we exclude from consideration two further plates on which only 
a very few observations were made, there remain nine of the 4-inch i 

. 
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plates having diameter ratios from 0.1992 to 0.6125. For these 
plates the excess of C; over the value computed from (39) ranged 
from 0.4 per cent to 1.9 per cent, with a mean of 1.1 per cent. For 
the same set of plates the corresponding figures for throat taps are t 
0.5 to 2.7, mean 1.4; and for flange taps they are 0.3 to 2.3, mean 1.1. 
The figure for any one plate is, of course, an average from the 
separate values obtained with that plate; and since the observations 
were seldom numerous enough to determine a curve for a single plate 
with any great precision, the figures just given for the individual 
plates must be regarded as uncertain by at least +0.3 per cent. 


XX. COMPARISON OF THE THREE SETS OF RESULTS 


Since the equations which have been devised for representing our 
results are purely empirical, they might, of course, be somewhat 
‘varied, or possibly replaced by others of quite different appearance. 
But such other equations would have to represent the same facts by 
giving approximately the same numerical values of (, over the speci- 
fied ranges of r and 8, and the equations as they stand provide 
adequate means for comparing the three kinds of result. 
For convenience of comparison, the equations may be reproduced 
here in the following forms: i 
For throat taps (30) 7 


: C, = 0.5970 + 0.098"[ — 0.115 (a +22) (1 + 1.56*)] (41) i 
For flange taps (37) 
C,=0.5970 + 0.098" + 0.036*— 0.68" —0.115(e +a?) (1+ 1.58")] (42) 






oach 





























| For pipe taps (39) 
C; = 0.5970 + 0.0068 + 0.5467*[—0.115 (@+x?)(1+ 116°) + B*x*] (43) 
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In each case the terms involving x have been placed within the 
square brackets [ ], and since these terms vanish when z=0, the earlier 
terms alone give the limiting form of the equation for very low per. 
centage differentials. 

The terms within the [ ] represent the changes of (C,, with increas. 
ing x, for any fixed value of 8. Their presence is necessitated by 
the fact that the air expands as its pressure falls. If there wer 
no such expansion, these terms would be absent, and the earlier terms 
therefore, represent, according to an extrapolation from our experi- 
mental results, what is to be expected for water—always on the 
supposition that the effects of viscosity do not become appreciable. 

In the limiting case of very small diameter ratios, and therefore 
negligible speed of flow at all points not close to the orifice, the three 
equations degenerate into the single form 


C,=0.5970—0.115 (@ +2’) (44) 


thus satisfying the conditions mentioned in Section XIII. 

Equations (41) and (42) are much alike. Of the two additional 
terms +0.038' and —0.66", which appear in (43), the first represents 
the fact that as 8 increases from very small values the differential 
between the flange taps is, at first, less than between the throat 
taps. The second term, which ultimately more than offsets the 
first, represents the effect of the displacement of the downstream 
pressure minimum toward the orifice. This displacement is slow 
and of little importance, so long as 8 is small, but has a marked 
influence later on, as was illustrated in Figure 8. 

In contrast with (41) and (42), equation (43) is of a very different 
and more complicated form. This difference reflects the different 
physical nature and greater complexity of the phenomena which 
determine the differential when the region in question extends far 
enough downstream to include the zone of maximum restoration of 
pressure, instead of stopping at a section 0.5 pipe diameter from the 
orifice, or approximately at the minimum of static pressure. 

In defining the discharge coefficient of an orifice for a liquid we 
make use, first, of the conception of a “theoretical” jet speed which 
would occur if the whole observed fall of pressure were due to, o 
were used up in producing, acceleration of the fluid. In practice, 
there is very little dissipative resistance, as far as the vena contracts, 
and the speed of the jet there is nearly equal to the theoretical speed 
which would be computed from the fall of pressure between the 
undisturbed stream ahead of the orifice and the vena contracta. 

If the theoretical rate of discharge could then be computed from 
the cross section of the vena contracta, it would agree very closely 
with the actual discharge, and the discharge coefficient would be 
nearly unity, as it is for a well-made flow nozzle or Venturi. 11 
practice, the computation has to be made with the area of the orifice 
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because the cross section of the vena contracta is unknown, and the 
computed rate of discharge is correspondingly increased. And if the 
differential used in the computation is the true fall of static pressure 
from the undisturbed stream ahead of the orifice to the vena con- 
tracta, the discharge coefficient obtained will be very nearly identical 
with the contraction coefficient, defined as the ratio of the cross 
sectional area of the jet at the vena contracta to the area of the 
orifice. 

In a cylindrical jet the static pressure must be uniform over any 
section and equal to the pressure just outside. So long as the diam- 
eter ratio is not large and the vena contracta is still at some distance 
from the orifice, the profile of the jet in the vicinity of the vena 
contracta is not sharply curved, and the relation just mentioned must 
be approximately true. 

In practice, the downstream static pressure is observed at the wall 
of the pipe and not in, or just outside, the vena contracta. But 
visual observations with glass pipes have shown that the minimum 
of pressure at the wall occurs at the same section of the pipe as the 
vena contracta, and it has commonly been assumed that this minimum 
pressure is equal to the static pressure in the vena contracta. While 
this can hardly be very accurately true, it seems probable that it is 
nearly so for diameter ratios not greater than 6=0.6; and in the 
absence of further evidence the assumption may be accepted as 
nearly true. 

From this it follows that if the downstream tap is placed at the 
point of minimum pressure or maximum differential the discharge 
coefficient obtained is very nearly equal to the contraction coefficient. 
And since the minimum pressure is sensibly the same as the pressure 
at the downstream throat tap, so long as 8<0.6, we may regard the 
discharge coefficient with approach factor not included, obtained from 
observations with throat taps, as a fairly accurate representation of 
the contraction coefficient. 

Except for the disturbing effects of viscosity, which are usually 
small in practice, the profile of a jet of liquid from a round, square- 
edged orifice is independent of the speed; the contraction coefficient 
remains constant; and the discharge coefficient is independent of the 
magnitude of the differential. But with a gas the phenomena are 
somewhat different. 

Since the static pressure of the jet does not fall to its lowest value 
until the vena contracta is reached, it is higher in the converging 
part of the jet between the orifice and the vena contracta than the 
Pressure in the surrounding space. This transverse gradient of 
pressure causes the gas to expand laterally, as well as forward, with 





" Experiments by E. G. Bailey, Report of the Special Research Committee on Fluid Meters of the Ameri- 
can Society of Mechanical Engineers, 2d ed., pp. 34, 35; 1927. 
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the result that the section of the vena contracta is larger than it would 
be for a nonexpanding liquid, and the difference increases as the 
percentage differential increases. 

The effect of this change in the contraction coefficient is clearly 
shown by the increase of the “adiabatic” discharge coefficient (, 
Except for the ignoring of contraction, the assumptions on which 
the theoretical ‘‘adiabatic” rate of flow is computed corresponds 
very closely to reality; and if the downstream tap is so placed as to 
give the static pressure of the jet in the vena contracta, the value 
obtained for C, is nearly identical with the contraction coefficient, 
The curves marked C,, in Figures 5 and 6, therefore, show approxi- 
mately how the section of the vena contracta increases relatively 
to the area of the orifice as the percentage differential increases and 
the difference of behavior between air and water becomes more and 
more pronounced. 

Turning, now, to the consideration of the pipe tap arrangement, 
we find a different state of affairs. The assumption that the frictional 
resistances are negligible, and that changes of static pressure represent 
changes in speed, is nearly true for the region included between the 
throat taps; but when extended to the whole region between the 
pipe taps it becomes totally false, and the bodily transfer of the 
algebra developed for throat taps to the case of pipe taps, while 
perfectly legitimate and justifiable on the score of expediency, does 
not represent any physical reality. 

The differential between the pipe taps is merely the over-all loss of 
static pressure between the two taps, due to dissipative resistance. 
With a liquid, and supposing the diameter of the pipe to be the 
same at both taps, there is, on the whole, no acceleration at all and no 
appreciable change of kinetic energy. And in the case of a gas there is 
only the—usually quite insignificant—increase of linear speed due 
to the fact that the density falls with the pressure, and that the 
product of speed and density must remain constant if the flow is to be 
steady. The orifice plate interposed between the two taps acts 
merely as an obstruction which introduces a large resistance and s0 
concentrates a pressure drop great enough for convenient measure- 
ment within a short length of pipe—1014 pipe diameters if the taps are 
in the standard positions. 

When the diameter ratio is very small, the kinetic energy of the 
jet is all dissipated, there is no restoration of pressure, and it 1s 
appropriate to regard the orifice as a device for forcibly accelerating 
the fluid. But when the diameter ratio is large and there is 4 
considerable restoration of pressure, the differential between the 
pipe taps represents dissipative or frictional resistance and not 
kinetic resistance to acceleration, except in the sense that if there 
had been no acceleration anywhere there would have been no increasé 
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of kinetic energy to be dissipated. Hence, it is more natural and 
in closer accordance with the physical facts to regard an orifice 
plate of large diameter ratio merely as a ridge projecting inward 
from the wall of the pipe and introduced for the sake of increasing 
the resistance of the pipe to flow along it. 

There is thus a gradual change of the nature of the phenomena 
which occur between the orifice and a point eight pipe diameters 
downstream, as 8 increases. The discharge coefficient is not suscep- 
tible of the same simple interpretation for pipe as for throat or 
flange taps, and a more complicated and quite different form of 
equation is required to represent the manner in which it depends 
upon the diameter ratio and pressure ratio. 


XXI. SPECIMENS OF THE EXPERIMENTAL RESULTS 


Several matters which deserve mention may best be elucidated by 
comparing the values of C, obtained from the observations on par- 
ticular orifices with the values given by the empirical equation. 
For this purpose, data for four of the orifices and for throat taps 
are presented in Tables 19 to 22, which are all arranged in the same 


| way. 


The values of (, determined by the observations are listed in 
column 4, in the order of increasing values of x as shown in column 3. 
For each orifice a curve 


C,=f(xr) (8 constant) (45) 


| was drawn to represent equation (30) with the given 8; and for each 


of the observed values of z in column 3 the value of C, was read off. 
This value, denoted by (, (calc.), was then subtracted from the 
observed value (, (obs.), and the difference 


C;(obs.) — C;(cale.) = 5 (46) 


listed in column 5, is the amount by which each observed point is 


| above the curve, or the excess of the observed over the computed 
| value of C;. The combined errors of drawing the curve and reading 
| from it may sometimes have amounted to +5 in the last figure 
' given, but the values of 6 are quite accurate enough for our present 
| purpose. 


Each table is divided into two parts, of which the first contains 


I the values of C,(obs.) and 6 for x<0.02 and the second all the re- 


maining values. The mean values of 6 for the two parts are shown 
separately, and the general mean is given at the foot of column 5. 
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TaBLe 19.—Plate No. 1-6 (Foxboro Company) 


[D=5.785 ins.; d=0.6265 ins.; 8=0.1083; throat taps] 
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We may first examine Table 19, which refers to the smallest of all 
the orifices tested. The observations are spread over a very wide 
range of x, but we shall ignore the last two values of C, because the 
values of x at which they were obtained are outside the range for 
which the empirical equation was developed and over which we 
regard it as safely applicable. 

The general mean at the foot of column 5 shows that, on the 
average, the values of C, found for this orifice were higher than the 
computed values by about 0.0018 or 0.3 per cent. 

Column 6 gives the departures of the individual values of 6 from 
their general mean. The mean of these departures, taken without 
regard to sign, is +0.0098, and this figure may be regarded as 4 
rough measure of the internal inconsistencies of the series. 

Column 7 contains the corresponding values for x>0.02. 

Judged by the criterion of internal consistency, this series is one of 
our worst, and if there had been none better our results would not 
have been worth much. 

Table 20 contains similar, but more numerous, data for an orifice 
of diameter ratio 8=0.2778. The last value of C, is disregarded for 
reasons stated above. The general mean at the foot of column i 
shows that, on the average, the values of Q, for this orifice were 
lower than the values from equation (30) by about 0.0024 or 0.) 
per cent. 

The mean departure from the general mean is +0.0041 (foot of 
tolumn 6), so that this series is much more consistent with itself 
than the series in Table 19. 
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TABLE 20.—Plate No. 5-8 (Bureau of Standards) 
[D=7.634 ins.; d=2,121 ins.; 8=0.2778; throat taps] 





———— 


Flow nozzle used 





C 
(obs.) 


C,(obs.) 
CQ oe 




















8 





_ 


-_ 


SSR SSR 
eCoorf F&F NO* 


_ 





SERS B8et saes 
CHAM CAMUW SOOO 














0. 5947 


. 5936 
. 5896 
. 5889 


. 5961 
- 6002 


. 5920 


- 5845 
- 5810 
. 5926 
- 5833 


. 5642 
. 5673 


. 5455 
. 5482 


. 5240 
(. 4923) 




















. 0055 
. 0073 
. 0046 
. 0003 


—. 0098 
. 0026 
. 0018 
. 0114 


0002 


+. 0002 
+. 0007 
(—. 0061) | 








—. 0027 
—. 0024 













TABLE 21.—Plate No. 5-6 (Bureau of Standards) 
[D=5.785 ins.; d=1.997 ins.; 8=0.3452; throat taps] 
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Table 21 contains the data for an orifice of diameter ratio 8 = 0.3459 
One of the values of (;, is far out of line with the others and gives , 
very large 6. We regard this large departure from the meay 
(+0.0371) as representing a mistake rather than an error, and we 
omit it from the average. In a few other similar cases we have 
likewise had no scruples in ignoring isolated points which departed 
from the general run by several times the average departure of the 
rest of the points. 

The general mean at the foot of column 5 shows that the values of 
C, for this orifice averaged about 0.0009, or something less than 02 
per cent, higher than the computed values. The mean departure 
from the mean 6 is +0.0028 (foot of column 6). This series is one 
of the very best. 


TABLE 22.—Plate No. 11-6 (Foxboro Company) 


[D=5.785 ins.; d=3.500 ins.; B=0.6050; throat taps] 
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Table 22 contains the data for an orifice of diameter ratio B = 0.605, 
The observations cover only a short range of x because it was impos 
sible to reach high differentials with so large an orifice. They are 
so few in number that averages have little significance, but, judged 
by the criterion already employed, this is one of the good series. 
The values of C, are, on the whole, about 0.0026, or 0.5 per cent, 
higher than the computed values. 


XXII. COMMENTS ON THE DATA IN TABLES 19 TO 22 


For convenience of comparison, some of the mean values from 
Tables 19 to 22 are brought together in Table 23, which may now be 
examined. 
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TABLE 23.—Summary of values from Tables 19 to 22 
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1. MEAN VALUES OF 5 


For each orifice let the curve C,=f(x) be constructed from equation 
(30) with the appropriate value of 8. Let this curve be raised by the 
amount shown in line 5 of Table 23, and let the new curve be called 
“the adjusted curve” for the orifice in question. If points represent- 
ing the observed values of C; are also plotted, they will obviously be, 
on the average, as much above as below the adjusted curve. 

Line 7 shows the average amount by which the observed points 
are above the adjusted curve for those experiments in which r< 
0.02; that is, in which the downstream static pressure was more than 
98 per cent of the upstream pressure. For plate No. 5—6, the best of 
theseries here presented, the mean point for x < 0.02 lies on the adjusted 
curve, while for the other three plates it lies higher; but this does not 
indicate a general rule. For when all the orifices are taken into account 
the differences corresponding to those in line 7 come out negative 
about as often as positive, and the mean point for r<0.02 is some- 
times above and sometimes below the adjusted curve, with no marked 
preponderance of either direction. 

For x>0.02 the mean departure of the observed points from the 
adjusted curve is, of course, of the opposite sign to that for x<0.02, 
as is illustrated by a comparison of lines 9 and 7. 


2. SCATTERING OF OBSERVED POINTS 


The average distance of a series of points from the adjusted curve, 
taken without regard to sign, may be called their ‘mean scattering.” 
As remarked in section 21, this quantity, shown in line 10, may be 
taken as a rough measure of the “badness” of the series. 

If, as before, we treat the two groups of points separately (lines 11 
and 12), we find that in three of the four cases the mean scattering 

14830°—29——-4 
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was much greater for x<0.02 than for x>0.02, though in the fourth 
case the two were sensibly equal. This does illustrate a rule to which 
there were few exceptions. In nearly all series which included seversl 
points near x=0—that is, near r=1—these points were much more 
scattered than points farther out. 


XXIII. DISCUSSION OF THE ACCIDENTAL ERRORS 


The greater scattering of the values of C, obtained from experi- 
ments at low values of x might naturally, at first sight, be attributed 
to the greater percentage errors in reading low differentials; but this 
explanation is fallacious, for, in the first place, the absolute static 
pressures varied in the ratio of 15 to 1 and a low value of z did not 
always mean a low absolute value of the differential. 

But there is a more striking piece of evidence. Each reading of 
the differential between the throat taps was accompanied by readings 
between the flange and between the pipe taps, all within a short 
space of time and as nearly as possible under the same working con- 
ditions. The accidental errors of the three readings can not have 
been systematically related, but the three values of C, varied together, 
a high value of C, for throat taps being accompanied by high values 
for the other two combinations, and vice versa. 

This parallelism was, of course, not perfect, because the accidental 
errors of reading the differential gauge were not entirely inappreci- 
able. But for the orifices of the lower diameter ratios the resulting 
accidental errors in Q, were of the order of only 0.1 or 0.2 per cent; 
and the agreement of the three sets of values of Cj, as regards their 
variations from one experiment to another, proved conclusively that 
these simultaneous variations were not due to errors of the readings 
at the orifice but to some other cause which affected all three values 
of (C, in the same way. 

Three possible explanations suggest themselves—the discharge 
coefficient may depend on the absolute static pressure, to which no 
attention has hitherto been given; or the discharge coefficients of the 
flow nozzles may have been incorrectly determined; or the obser- 
vations at the flow nozzle may have been affected by large errors. 
(a) If the discharge coefficient of an orifice depended on the abso- 
lute static pressure at which the experiment was made, this influence 
would be revealed by intercomparing all the values of C, obtained 
with the same flow nozzle, and the value of 6 wouid vary systemati- 
cally with the initial pressure 7,. 

Particular series may be picked out where this appears to be the 
case, especially at low values of x; but in general the hypothesis is 
not substantiated, and the whole mass of observations indicates that 
within the range of static pressures covered in these experiments the 
discharge coefficient of an orifice depends only on the ratio of the two 
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pressures and is sensibly independent of their absolute values. It 
would, indeed, be very surprising if any effect of the absolute pressure 
were observed with a gas so nearly ideal as air. 

(b) Each of the orifices referred to in Tables 19 to 22 was tested 
with two or more flow nozzles, and the same was true of nearly al] the 
orifices. If the discharge coefficients of the nozzles had been incor- 
rectly determined relatively to one another, the values of 6 would have 
varied with changes from one nozzle to another, some nozzles giving 
systematically high values of C, and others systematically low values. 
"Series of values of C, for particular orifices may be found which 
seem to show evidence of this, but here, again, the idea is not con- 
firmed by the aggregate of all the experiments and there is, on the 
whole, no evidence of errors in the discharge coefficients of the flow 
nozzles which are at all comparable in magnitude with those required 
to account for the actual variations in 6. 

(c) Of the observations made at the flow nozzle, the only one subject 
to errors of any importance is the reading of the differential by means 
of the central impact tube; but this was read each time one of the 
differentials at the orifice upstream was read, and there can have 
been no systematic connection between the errors of reading the dif- 
ferential gauges at the orifice and at the nozzle. Furthermore, there 
is no reason to suppose that-the errors at the nozzle were of a different 
| order of magnitude from those at the orifice, which have already been 
shown to be relatively small. It therefore appears that this third 
explanation of the large accidental errors in C, can not be accepted 
as adequate. 

(2) The true cause seems to have been the lack of complete steadi- 
ness in the rate of flow, due to the impossibility of holding the speed 
of the compressors perfectly constant or, ultimately, to variations of 
voltage in the power supply to the motors. There was a large capac- 
ity between even the 8-inch orifice station and the flow nozzle, and 
when the air supply varied there must evidently have been a time 
: lag between the orifices and the nozzle, so that observations made 
simultaneously at both places did not, in reality, correspond to pre- 
cisely equal rates of flow. 

Any such time lag would be greater the lower the rate of discharge, 
and its effects on the value of C; computed by assuming the flow to 
be perfectly uniform all along the line would therefore be more likely 
to be large.at low than at high rates of flow. With any one orifice, 
low rates of flow occur at low values of z. Hence, the effects of vari- 
ations of compressor speed in producing variations of 6 should, on 
the whole, be more pronounced at low values of x, and, in general, 
this is just what happened, as was remarked in section 22. 

Furthermore, at any given pressure ratio, the absolute rate of 
flow is lower for small than for large orifices. Hence, if the errors 
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now in question are really due to the time lag, they will be most 
marked for the smaller orifices, and this, also, is what was actually 
found, as is illustrated by Tables 19 to 22, or by the summary in 
lines 10, 11, and 12 of Table 23. 

For any given diameter ratio the orifices are smallest for th 
4-inch plates and, other things being equal, the scattering might be 
expected to be, on the whole, greatest for the 4-inch plates which 
were, moreover, farthest upstream and separated from the flow 
nozzle by a somewhat greater capacity than the others. This expec. 
tation is also confirmed by an examination of the whole collection 
of values of C;,. 

The voltage, compressor speed, and air supply were, of course, 
more unsteady at some times than at others, and the statements 
above are true only on the whole and not in every individual case, 
But it seems fair to conclude that the greater part of the unexpectedly 
large accidental errors of the experiments was due to the lack of 4 
perfectly steady power supply, and that even if all our measurements 
had been absolutely accurate, unavoidable errors would still have 
been present in the results. The only mitigation of the effects of 
these accidental errors lies in the multiplication of experiments, by 
which they are, to a considerable extent, averaged out. 

It seems useless to attempt any further quantitative discussion of 
the accuracy of our results, and the reader must be left to form his 
own estimate from the specimens given in Tables 19 to 22 and from 
the remarks which have been presented in this and the two preceding 
sections. 


XXIV. THE EFFECTS OF VISCOSITY 


Within the range of working conditions covered by our exper- 
ments, the discharge coefficients of square-edged orifices are not 
appreciably affected by changes in the viscosity of the fluid. The 
experiments were therefore not adapted to investigating such effects 
and did not add anything to the experimental information concerning 
them which has already been published by Hodgson and Daugherty.” 
Nevertheless, the subject is of such importance that it will be discussed 
briefly here, rather than relegated entirely to an appendix, as would 
otherwise be more appropriate. It will be treated somewhat further 
in Appendix C. 

Let us suppose that a liquid of low viscosity, such as water, is 
flowing through an orifice, and that the discharge coefficient is de 
termined from measurements of the differential and rate of discharge. 
Let the liquic. then be replaced, successively, by others of greater 
and greater viscosity, and in each case let the discharge coefficient 





uJ, L. Hodgson, The Orifice asa Basis of Flow Measurement; Inst. Civ. Eng., Selected Enginoerizs 
Papers, No. 31; 1925. R. L. Daugherty; Bulletin No. 130, Goulds Pumps (Inc.), Seneca Falls, N. Y.; 19%. 
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of the orifice be determined at the same volume rate of flow as in 
the first experiment. Sooner or later the discharge coefficient will 
begin to increase with the viscosity, the point where this increase 
first becomes evident depending on the precision of the experiments. 

The first effect of increased viscosity is to retard ‘the motion of 
the liquid over the upstream face of the plate toward the orifice 
and around the edge. The surface film creeps around the corner 
more slowly, and the centrifugal force urging it toward the axis of 
the jetis diminished. Hence, there is less tendency to contraction, the 
cross section of the vena contracta becomes larger, and the discharge 
coefficient increases. 

But this action can, at most, go only so far as entirely to eliminate 
contraction; and meanwhile, as the viscosity increases, its retarding 
effect reaches farther and farther from the edge of the orifice into 
the jet, so that a higher and higher differential is needed to main- 
tain the given rate of discharge. If the viscosity were increased in- 
definitely, the differential would evidently also have to be raised 
indefinitely, and the discharge coefficient would fall toward zero. 

The combined result of these two opposing tendencies is that, as 
the viscosity is progressively increased from low values while the 
rate of discharge is held constant, the discharge coefficient of the 
orifice first increases, then passes through a maximum, and there- 
after decreases. 

The foregoing is an elementary physical interpretation of the 
observed facts as described by Hodgson and Daugherty in the papers 
referred to above. 

In the absence of viscosity, the only forces called into play in the 
formation of a jet would be the inertia reactions of the liquid against 
acceleration, which are proportional to the density; but since no real 
| liquid is entirely free from viscosity, viscous forces are also necessarily 
| developed. The degree to which they modify the motion of the liquid 
_ evidently depends, not on their absolute magnitude, which is propor- 
tional to the viscosity, but on their relative magnitude in comparison 
| with the inertia forces. Hence, in the present connection, the impor- 
tant characteristic property of the liquid is not simply its viscosity 
but the ratio of viscosity to density or 

ony (47) 
. p 
' which is known as the ‘kinematic viscosity.’ 
| With a given orifice and a given liquid, the viscous resistances 
| Increase with the speed of flow, but the kinetic energy and the accom- 
panying inertia reactions increase with the square of the speed. 
Hence, the influence of viscosity is greater at low than at high speeds, 
and lowering the rate of discharge has qualitatively the same effect 
on the discharge coefficient as increasing the kinematic viscosity. 
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Let us suppose, finally, that without altering either the liquid 
or the mean linear speed of the jet, experiments are made upon smalle; 
and smaller orifices which are, together with the adjacent parts of 
the pipe, all geometrically similar to one another or of the same 
*‘shape,’”’ in the general sense of the term. Reducing the linea; 
dimensions of the apparatus without reducing the linear speed of 
flow through it increases the transverse gradients of speed, to which 
the viscous forces are proportional, and the influence of viscosity jis 
therefore greater on small than on large orifices; or reducing the size 
of the orifice has qualitatively the same effect as increasing the kine. 
matic viscosity of the liquid. 

The foregoing conclusions are all consistent with the proposition 
that for orifices of any one shape the discharge coefficient is determined 
by the value of the single quantity 

R= 2-8 (48) 
v ad 
in which S is the mean linear speed through the orifice, computed from 
the known diameter d and the observed volume rate of discharge, and 
R is known as the “ Reynolds number.” 

The proof of this proposition may be-deferred to Appendix C, but 
an important inference may be drawn at once; namely, that for all 
orifices of any one shape there is a general relation 


O=f(R) (49) 


which holds for all liquids, all sizes, and all rates of discharge. Accord- 
ing to the reasoning advanced above concerning the effects of varying 
C v, S, and d separately, 
the curve representing 
equation (49) should 
be qualitatively of the 
form illustrated in 
Figure 9, and the ex- 
periments of both 
Hodgson and Daugb- 
R erty have, in fact, 
R, iv f this 
given curves 0 
Fic. 9.—Variation of discharge coefficient with Rey- form. They show that 
nolds number for all large values of 
R the discharge coefficient of an orifice has the same sensibly con- 
stant value C, and that it is not measurably affected by variations 
of the kinematic viscosity or the rate of discharge unless these are 
such as to reduce R below some limiting value R. 
The foregoing statements have referred specifically only to liquids, 
but they are equally applicable to gases when the percentage differen- 
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tial is small, so that the density is nearly constant; and in Hodgson’s 
experiments the points obtained for air and for various mixtures of 
water and glycerine all lay indiscriminately along the same smooth 
curve of the form represented in Figure 9. 

The precise form of the curve and the values of ( and R, depend 
on the “‘shape”’ of the orifice; this term being understood in the most 
general sense as referring not only to diameter ratio, sharpness of edge, 
and relative positions of the pressure taps, but to any and all other 
geometrical peculiarities of the orifice itself or of the channel in which 
it is installed, which influence the nature of the fluid motion between 
the two cross sections where the taps are situated. Our present inter- 
est is not, however, in the whole curve but only in the horizontal por- 
tion of it. It is safer to avoid the effects of viscosity than to attempt 
to make allowance for them, and what is needed is a simple criterion 
which will show, in any particular case which may occur in practice, 
whether the effects of viscosity on the discharge coefficient will be 
negligible or, if not, how the working conditions may be modified to 
make them so. 

The meaning to be assigned to the term ‘‘negligible’’ obviously 
depends on the precision of the experiments, so that the value of 
' R, is somewhat indefinite at best. Furthermore, the information 
hitherto published, though drawn from a large number of laborious 
and painstaking observations, is meager and somewhat conflicting, 
so that only very rough estimates of the value of R, are possible. 
Nevertheless, such data as are available indicate that for air at 
ordinary temperatures and for orifice diameter ratios between 0.2 
and 0.6 the Reynolds number F will be high enough to make the 
effects of viscosity negligible in all commercial measurements when- 
ever the relation 
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d*ph>10 (50) 


is satisfied, d being the diameter of the orifice in inches, p the absolute 
static pressure in pounds per square inch, and h the differential in 
inches of water. 

Since the process of arriving at the numerical value in (50) involves 
the use of the density and viscosity of air, the estimate would be 
different for another gas and, moreover, the value is not independent 
of the diameter ratio of the orifice. But in the present state of our 
knowledge it seems useless to attempt further refinements, and we 
can do no better than to regard the inequality (50) as probably a 
safe criterion in the commercial metering of natural or other gases 
which are not widely different from air as regards specific gravity 
and viscosity. 

The condition expressed by (50) is evidently amply satisfied in the 
great majority of commercial measurements of gas by orifice meters, 
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for with an orifice of as small diameter as 0.8 inch and an absolute 
pressure as low as 15 lbs./in.’ the differential 


h=greqs=! inch 

will still be high enough. But in the employment of smaller orifices 
for the measurement of very low rates of discharge the condition 
might be violated; and until the subject has been further investigated 
it seems well to accept (50) as a warning to adopt some other method 
of metering in these cases, unless the orifice can be standardized 
under the same working conditions as are to prevail when it is used 
as a meter. 


XXV. GEOMETRICAL SIMILARITY AND THE INFLUENCE OF 
PIPE DIAMETER 


The values of C, obtained for the 4-inch plates were, on the average, 
about 1.5 per cent higher than those found for 6 and 8 inch plates 
of the same diameter ratio, and this result agrees, qualitatively, with 
the experience of other experimenters. 

Other things being equal, reducing the diameter of the orifice 
lowers the Reynolds number and will ultimately increase the discharge 
coefficient, as explained in section 24, and some of the high values 
obtained with small apparatus have doubtless been due to the dis 
turbing action of viscosity. But many experiments, including our 
own, have shown a dependence of discharge coefficient on pipe diam- 
eter, even when the Reynolds number was much too high to admit 
of this explanation of the observations. 

On the other hand, the theory of dimensions ® predicts that » 
long as the effects of viscosity are negligible a mere change of scale 
will not alter the discharge coefficient, and the validity of the theory 
has been confirmed experimentally in so many applications to hydrm 
and aerodynamics that deductions from it are no longer open to 
any reasonable doubt. 

The obvious and necessary conclusion is that when, for example, 
an 8-inch and a 4-inch plate of the same diameter ratio and with sim- 
larly situated pressure taps are found to have different discharge 
coefficients, the change of size has not altered the linear dimensions 
of all the essential features of the apparatus in the same ratio, but 
has been accompanied by more or less change of “shape,’’ in the 
general sense of the term. The two installations are not quite ge0- 
metrically similar, and the difference of discharge coefficients is caused 
by this departure from similarity and not directly by the change of 
absolute size. 





13 See Appendix C. 
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It is easy to see how this might come about. The most obvious 
elements of shape are diameter ratio, sharpness of edge, and relative 
location of pressure taps. To secure an adequate degree of similarity 
as regards diameter ratio and positions of the taps is a simple matter, 
because small changes in these elements of shape have very little 
effect on the discharge coefficient unless the diameter ratio is large. 
Similarity of edge is much more difficult to attain, as is shown by the 
considerable differences of behavior exhibited even by carefully 
made orifices of the same size, installed in identically the same way. 

But these three are not the only important elements of shape. For 
example, it is well known that the introduction of elbows or other 
pipe fittings, upstream from the orifice, may change the discharge 
coefficient by several per cent unless the intervening length of straight 
pipe is sufficient to allow the disturbances produced at the fittings 
to die out, or unless they are suppressed by means of honeycombs or 
straightening vanes. 

In order that two orifices of different size may be of the same 
“shape,” in the general sense required for the application of dimen- 
sional reasoning, all geometrical features of the channel which influence 
‘the nature of the fluid motion between the two cross sections where 

‘the pressure taps are situated must be reproduced to scale when the 
| size is altered; and in many experimental investigations this condition 
has not been satisfied. 

One point, which becomes of increasing importance as smaller and 
smaller pipes are employed, is internal roughness. Experiments by 
Stanton ‘* on pipes which were artificially roughened by internal 
screw threads showed that the roughening caused a considerable 

modification of the distribution of velocity over the cross section, the 
speed being diminished near the wall and increased near the axis, for 
any given average speed. Such an alteration in the distribution of 
| velocity in the stream approaching an orifiee would evidently diminish 
‘the contraction of the jet and raise the discharge coefficient of the 
| orifice. 
' But with pipes of any given quality and in equally good condition, 
‘the smaller sizes are extremely likely to be relatively, though not 
absolutely, rougher than the larger ones, so that substituting a small 
for a large pipe has the same effect on the “‘shape”’ of the apparatus as 
making the large pipe absolutely rougher. It is therefore to be 
expected that, as a general rule, when ordinary commercial steel 
pipe is used, the discharge coefficients of orifices of any given diameter 
ratio will turn out to be highest for the smallest pipes. This is usually 
‘found to be the case; but the effect is not due to the change of abso- 
» lute diameter, except insofar as this is unavoidably accompanied by 
» a change of relative roughness. 


| “TE, Stanton, Proc. Roy. Soc., A85, p. 366; 1911. 
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In our own experiments each orifice station was preceded by ay 
uninterrupted run of uniform straight pipe at least 120 diametey 
long, which appears sufficient to eliminate the effects of disturbances 
produced still farther upstream. But the departure from geometric] 
similarity which consisted in the greater relative roughness of the 
4-inch pipe remained, and it seems probable that the higher dischang 
coefficients found for the 4-inch plates were due to this. 

Other departures from geometrical similarity may also produce an 
illusory impression that the discharge coefficient of an orifice depends 
directly on its absolute diameter. For example, in the investigation 
by Spitzglass “, orifices were tested in seven sizes of pipe, from 2 to 
12 inches in diameter, and the results showed a systematic increase 
of the discharge coefficient for any given diameter ratio as the diam. 
eter of the pipe was decreased; but the run of straight pipe ahead of 
the orifice was the same for all sizes—namely, 12 feet—instead of 
some fixed number of pipe diameters. Hence, the condition of geo. 
metrical similarity was vary far from satisfied, and no information 
was obtained regarding the effect of changing the absolute size by 
itself, but only when accompanied by a simultaneous progressive 
change in the shape of essential parts of the apparatus. There is no 
reason to doubt the correctness of the conclusions drawn concerning 
the effect of changing the pipe diameter in this particular form of 
installation. But the quantitative result can not be accepted as of 
general applicability, for it would quite possibly have been different 
if the entrance length had been 6 or 30 feet instead of 12. 

From the published accounts of other investigations in which 
orifices have been tested in pipes of various sizes, it is often impos 
sible to form any opinion of the degree of geometrical similarity 
between large and small installations, or of the nature of the depar- 
tures from similarity, so that it would be useless to attempt any 
physical interpretation of the results obtained. As a general rule, 
such experiments have shown higher discharge coefficients for small 
than for large pipes, as happened in our own work. This is probably 
usually due, at least in part, to roughness, as explained above; but 
it may also be due to the manner of preparing the orifices. For any 
slight rounding off of the entrance corner—for instance, by a light 
finishing touch with fine emery cloth—raises the discharge co- 
efficient, and any given degree of absolute rounding affects a small 
orifice more than a large one. 

The only general conclusions that can safely be drawn are as follows: 

(a) So long as the Reynolds number is large enough that viscosity 
may be ignored, there is no reason to suppose that a uniform change 
of scale of all the essential parts of the apparatus influences the 
discharge coefficient at all. 





J, M. Spitzglass, Trans. Am. Soc. Mech. Eng., 44, p. 919; 1922. 
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(b) Changes of pipe diameter are, in practice, nearly always accom- 
panied by changes of shape which are such as to make the discharge 
coefficient of an orifice of given diameter ratio higher in small than in 
large pipes. 

(c) The magnitude of this change with pipe diameter depends on 
the particular form of apparatus used, and the results of one experi- 
menter may differ from those of another by more than the errors of 
experiment, because the two observers are not measuring the same 
thing. 

(d) So far as we know, there are no published data on the varia- 
tion of discharge coefficient with pipe diameter which can be accepted 
as generally valid. 


XXVI. EQUATIONS FOR USE IN ORIFICE METER 
COMPUTATIONS 


Equations (20) of Section X, in conjunction with (26) of Section XI, 
make it possible to compute the rate of flow of air through an orifice 
of known discharge coefficient from observations of the temperature, 
static pressure, humidity, and differential. They are suited to the 


| purpose of defining discharge coefficients for which they were devel- 


oped, but in practical computation various other forms of equation 
are more convenient under various circumstances. It would be 
impossible to give a complete list of such forms, but the sort of trans- 


'formation required may be illustrated. 


(a) It is usually desired that the rate of discharge be expressed 


© in terms of volume, measured at some standard density or under 


some standard conditions. 


5 Let psllb./ft.*] = the standard density adopted 


» and 


V[ft.*/min.] = the rate of discharge measured at pg. 


Then the rate in Ib./sec. is 


. 
M= 5 Ve (51) 


and (20,0) assumes the form 


_ 31.50 


Viet 0" 1d? pA (52) 


|in which d is in ins.; A in lb./ in.2; and p, in lb./ft.3 


(b) The differential is usually measured by a liquid manometer, 


© and it is then convenient to have the equation in such form that the 


manometer reading may be substituted directly, without being 
first reduced to Ib./in.2 


© Let 


o = the specific gravity of the liquid at its actual temperature, 
referred to water at 60° F.; 
h{ins.]|= the differential as read. 
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With standard gravity 


1 lb. /in.?= 27.706 inches of water at 60° F. 
so that 
_ oh 
27.706 
and the factor -/A in (52) is to be replaced by 


oh 1 
ay a77tog0-1900/0h 


The resulting equation is 


A{lb. /in.?] = 


(56) 


v5 885ye 0’ d?V ph 


(c) The density p,; must be computed from the pressure, tempers- 
ture, and humidity, and it is convenient to embody the computation 
in the equation, rather than perform it separately and then substitute, 

For this purpose equation (26) Section XI may be utilized. In 
all ordinary commercial metering air may be regarded as following 
Boyle’s law; hence, the correction factor Y may be omitted and the 
equation simplified to the form 


_ 2.6914p(1 — 0.38w) ad 

~~ 458 +t ei) 

in which w= 7z/p is the ‘“‘ vapor fraction”’; that is, the partial pressure 

of the water vapor in the air, expressed as a fraction of the total 
pressure. 

If the value of p, given by (57) is substituted in (56), the result 


may be written Se ere Fea eer! 
Ton No" @, | PAG 0.580) 





where 


If the standard density is not stated directly but specified by 
standard conditions, let 


Ps |lbs./in.”] = the standard pressure; 
t, (°F.]=the standard temperature; 

and 

w,= the standard vapor fraction. 

Then by (57) 
_ 2.6914p,(1 —0.38w,) 

he +t, 

and (59) takes the alternative form 


yy —3:648-¥.o(458 + ts) 


p;(1 —0.38w,) 
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The value of the factor N is fixed by the standard density or the 
standard conditions and the specific gravity o of the manometer 
liquid. It is independent of the working conditions at the orifice, 
and is constant except for small variations in y/o which may be caused 
by variations of the temperature of the manometer liquid. If this 
remains between 32° and 100° F., the greatest possible variation 
{ N from its mean value is about one-fourth per cent for water and 
much less for mercury. Such errors are negligible in commercial 
metering and N may be regarded as sensibly constant. If it is 
desired to allow for even small variations, the most natural pro- 
edure is to use a constant value of N, computed for some fixed 
temperature of the manometer, and reduce the observed values of 
h to this temperature before substituting in (58). 

(1) The operations by which (20, c) was trgnsformed into (58) 
might equally well have been carried out on (20, a, b, d). The 
results can be obtained from (58) by substituting C’2, p, for C’,, 

,, or by utilizing the equations 


Q,= C1 ¥1—B; = C'2y1— 8 (62) 


| The value of N is the same in all four cases and is to be found from 
(59) or (61). 
| XXVII. NUMERICAL EXAMPLES 


| To illustrate the computation of N, let the standard conditions 
‘adopted for fixing the standard density be 60°F., 14.65 lb./in.?, and 
50 per cent saturation; and let the manometer liquid be carbon 
tetrachloride of specific gravity o= 1.58. 
As a preliminary to substitution in (61) it is necessary to find the 
value of W,. The pressure of saturated water vapor at 60° F. is 
found from the steam tables to be 0.256 Ib./in.2 Hence, for 50 per 
rent saturation at 60° F. and 14.65 lbs./in.? the value of the vapor 
Mraction is 
: 0.256 


Ws 3x 14.65 


= 0.00874 (63) 


whence 


1—0.88 W,=0.9967 (64) 
Equation (61) now gives for N the value 


__3.648-y7.58(458 +60) _ 
inh 14.65X0.9967 162.7 (65) 


ind this is to be substituted in (58) or in whichever of the four 
“equivalent equations may be best suited to the problem in hand. 

| Since the air must be somewhere between perfectly dry and com- 
pletely saturated, equation (64) shows that, if the standard tempera- 

















622 Bureau of Standards Journal of Research (Vols 


ture is 60° F., the value of N given by (65) can not be in error by 
more than +0.33 per cent, whatever be the standard vapor fraction, 
If an uncertainty of this amount in V is regarded as negligible, it js 
therefore unnecessary to specify any standard humidity and it js 
sufficient to assume 50 per cent saturation. The uncertainty will ly 
less if a lower standard temperature is adopted, because the saturation 
pressure of water vapor decreases with the temperature. 

To illustrate further, the general equations may be applied to the 
measurement of air by a particular orifice meter. 

Let an orifice of diameter d= 2.50 ins. be installed in a long, straight 
pipe of diameter D=6.90 ins. and provided with flange taps, the 
static pressure gauge being connected to the downstream tap. 

To avoid useless repetition, it will be supposed that the differentia! 
is read in inches of g liquid of specific gravity o=1.58, and that the 
standard conditions for measuring V are those specified above, so that 
N has the value already computed and given by (65). 

Under these circumstances the equation to be used for computing 
the rate of discharge of air through the orifice is 


Oo a ee poh(1 — 0.38w) “ 
= 162 2.52 
V = 162.7 X2.5°x C ny? owe (6 


in which 
V [ft.*/min.]=the rate of discharge measured under the specified 
standard conditions; 
p2{lb./in.2]=the absolute static pressure at the downstream 
pressure tap; 
h{ins.] =the differential as read on a manometer containing 
a liquid of specific gravity o=1.58, referred to 
water at 60° F.; 
t[°F.]=the temperature of the air entering the orifice; 
w=its vapor fraction; and 
C’,=the hydraulic discharge coefficient, based on the 
downstream static pressure and with the ap 
proach factor included, for flange taps. 

In applying (66) to the case of a particular measurement of flov, 
the values of ¢ and h are observed directly and that of p, is obtained 
by allowing for the outside barometric pressure in the usual manne! 
The value of w will be discussed presently, but we may first specializ 
further by assuming that the following values have been observed: 


25 lb./in.?; h=45 ins.; t=80° F. (67 
When substituted in (66), these values give 
V=1470 0’,V1—0.38w (68 


and the value of w is now to be considered. 
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The value of w depends on the humidity of the air entering the 
orifice, and this is seldom known, although a knowledge of the cir- 
cumstances may show that the air must be nearly dry or nearly 
saturated. But w is almost always so small that a very rough 
estimate of its value is all that is needed, and it is sufficient to assume 
that the air is one-half saturated. 

In the present example the pressure of saturated water vapor at 
80° F. is 0.505 lb./in.?, so that on the assumption of 50 per cent 
saturation the partial pressure of the water vapor is 7=0.2525. 
The total pressure of the air entering the orifice is by (54). 


h 
Pi “p+ sae (69) 


1.58% 45 


97706 28:94 Ib./in.? (70) 


i= 25+ 
Hence 


_ 0.38 X 0.2525 


0.38w= 7.57 = 0.0035 (71) 





and 
¥1—0.38w=0.9982 (72) 

ince the actual humidity of the air must be between 0 and 100 
iper cent of saturation, this value can not be in error by more than 
+0.18 per cent, and the uncertainty caused by failure to determine 
the humidity is insignificant. 

At higher temperatures or lower static pressures the uncertainty is 
greater and in extreme cases it might be of some importance, but 
t is evident that in the great majority of commercial measurements 
ithe assumption of 50 per cent saturation is amply accurate, and that 
in most cases the effect of humidity on the density may be entirely 
ienored and the factor -/1—0.38w omitted from the general equation 
(58), of which (66) and (68) are special forms. 

Retaining the value given by (72) reduces (68) to the form 


V=1467C", (73) 


and it remains only to insert the value of C2. 

This value must either have been determined by an experimental 
standardization of the particular orifice, or it must be taken from 
some standard table. If the edge of the orifice is of the same quality 
as the average of the orifices used in our experiments, the value of 
(’, may be found from Table 13, Section XVI. The diameter 
ratio is 

d 2.50 
B= 1n=§ 90 = 0-362 (74) 
and the pressure ratio is (see equation (70)) 


_P2_ 25.0 _ 
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whence by interpolation in the table we have C’,=0.623 and finally 

by (73). 2 

V=914 ft.?/min. (76) 

It may be noted here that the limiting value given by the table 

for r=1.0 is C’,=0.605, which differs from 0.623 by nearly 3 per cent, 

The change of discharge coefficient with the pressure ratio is therefor 
by no means negligible in this example. 


XXVIII. REMARKS ON METERING OTHER GASES 


For other gases than air, the developments of Section XXVI remain 
unchanged up to and including equation (56), but from that point on. 
ward they must be modified as regards the computation of the den. 
sity p,, and also of p,, if this is merely specified by stating standar 
conditions. 

If the gas in question obeys Boyle’s law as approximately as air 
does, its specific gravity may be treated as a constant and the modi- 
fications needed in the equations are simple and obvious. But i 
the gas deviates far from Boyle’s law as happens with some naturl 
gasses at high pressures, the computation of density is not so simple, 
for it is to be remembered that p; in (56) represents the actual den- 
sity of the fluid in the pipe ahead of the orifice, and this may diffe 
seriously from the density computed by means of Boyle’s law from 
the density at atmospheric pressure. But since the experiments 
which gave occasion for this paper were concerned with air only, the 
computations needed for gases that do not follow Boyle’s law need 
not be discussed further here. 

As regards numerical values of the discharge coefficients of orifices, 
it may be said that the limiting values for r=1 will be the same for 
all gases.’ For lower values of r—that is, for higher percentage 
differentials—it is probable that the discharge coefficient will be 
found to vary slightly with the properties of the gas, especially with 
its specific heat ratio. It does not, however, seem likely that these 
variations will be of any importance so long as the pressure ratio is 
not lower than r=0.9. Further experimental data on this subject 
are to be desired. 


XXIX. SUMMARY OF CONCLUSIONS 


Aside from the tables of discharge coefficients which have bee 
given in Sections XIV, XVI, and XVIII, and censtitute the quar- 
titative results of the investigation, the following points may be 
noted : 

(a) The discharge coefficient of an oriffice for air does not depent 
on or vary with the absolute static pressure. 





6 See, however, Section XXIV. 
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ally, (b) The hydraulic discharge coefficient based on either upstream or 


pwnstream static pressure is not a constant but varies with the 
tio of the two pressures. At low static pressures and high differ- 
htials these variations may be of serious importance and ignoring 
hem may lead to errors of several per cent in the computed rate of 
w. This difficulty may be avoided by using a discharge coefficient 
nsed on the mean of the two static pressures. 

(c) Very slight changes in the condition of the edge of an orifice 
ay have an appreciable effect on its discharge coeflicient; and to 
oduce duplicate orifice plates which have the same discharge coeffi- 
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; on fament within +0.5 per cent requires very careful mechanical work, 
den. faven when the diameter of the orifice is 1 inch or more. The com- 
lard Hercial plates loaned to us were quite as good, in this respect, as the 





ates made at the Bureau of Standards. 

(7) The difficulty of duplication increases as the size of the orifice 
reduced, and if a standard table of discharge coefficients is to be 
lied upon, and the orifices not tested individually, it is advisable 
b use the largest orifice practicable within the range of diameter 
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ple, Hetios covered by the available tables. 
Jen- Hi (¢) The tables given in Sections XIV, XVI, and XVIII represent 
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erage results obtained from well-made ovifices installed in 6 and 8 
ich pipes, with a straight run of at least 120 pipe diameters upstream 
id 30 downstream. Similar orifices installed in a 4-inch pipe gave 
igher coefficients; but the experiments were not adequate to the 
tablishment of a general relation between discharge coefficient and 
ipe diameter, even for this particular mode of installation, and any 
ich relation must be expected to vary with the nature of the 
bstallation. 
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In finding the rate at which a gas is discharged through a flow 
ozzle under observed conditions of pressure and temperature, the 
rst step is to compute the “theoretical” rate M, which would occur 
nder certain ideally simplified conditions. 

With well-made nozzles, suitably designed for the rates to be 
easured, most of these conditions are nearly satisfied in practice, 
nd in these respects the simplified ideal state of flow through the 
ozzle is a close approximation to reality. But one of the conditions 
ssumed in the theoretical work is that the speed of the jet is the 
ame near the wall of the nozzle ‘as farther out toward the center 
f the stream, and since skin friction and retardation at the wall 
an not be done away with, this condition is not well satisfied in any 
al jet. 
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The result of the departure of the actual from the ideal conditioy; 
is to make the true rate of discharge a little less than the theoretica) 
rate, and this fact may be expressed by the equation 


in which C is a correction factor or discharge coefficient by which the 
computed theoretical rate must be multiplied to give the true rate I 
If the nozzle is to be used in this way as a flow meter, the value of ( 
must, of course, be known to the same percentage accuracy as js 
required in M&M. 

The obvious procedure for finding the value of C is to measure }f 
by some direct method which does not involve any assumptions— 
by means of a gas holder, for example—and compare the value 
obtained for M with the value of M, computed from the observed 
working conditions. If this has been done, the nozzle may be used 9s 
a@ convenient secondary standard, the primary standard being the 
method or instrument by which M was measured. 

There is abundant experimental evidence to show that under ordi- 
nary working conditions the values of C for well-made nozzles ar 
always within a few per cent of unity. But when an accuracy of 
two or three parts per 1,000 is required we are left in the lurch, so far 
as large nozzles are concerned, because no method of that accuracy 
has been developed so as to be available for measuring large rates of 
discharge directly, for the purpose of standardizing large nozzles. As 
the matter now stands, if large rates of flow are to be measured with 
an accuracy of 0.5 per cent or better, it is necessary to treat the noz- 
zle as a primary standard, accepted on its own merits. 

What is done is, in effect, to assume that the whole difference 
between M and J, is due to the violation, in practice, of the condi- 
tion that the speed oi the jet shall be uniform right out to the wall of 
the nozzle, the other ideal conditions of the theory being sensibly 
realized. The effect of the falling off of speed near the wall of the 
nozzle is then determined by exploration with a fine impact tube, and 
a suitable correction applied to the computed theoretical rate of dis 
charge M, This amounts to determining C by a self-calibration of 
the nozzle, without reference to any other standard. 

To justify this procedure, we have to examine and criticize the 
assumptions involved in it and satisfy ourselves that they are suti- 
ciently near the truth to make the values obtained for M accurate to 
much better than “‘a few per cent.’’ We shall attempt to do this 

The nozzles used in the present investigation were of the convelg: 
ing type, ending in cylindrical throats, and the speed of the jet was 
always below the speed of sound in the jet. The discussion may 
therefore be limited to these conditions, and it will not be necessary 
to consider diverging nozzles or very high speeds. It will also be 
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supposed that the approach pipe is straight, round, and coaxial 
with the nozzle, as it was in our apparatus. 

[It is sometimes convenient to regard the stream of fluid through the 
nozzle as composed of a bundle of small filaments, each bounded and 
parated from the adjacent filaments by a tubular surface with its 
axis everywhere along the direction of the average motion. If the 
flow is perfectly steady and along fixed stream lines, this conception of 
stream tubes is evidently legitimate; but more often the flow is some- 
what turbulent and the velocity at any fixed point is not quite steady 
but subject to small, rapid, irregular, fluctuations in both direction 
and magnitude. 

In this general case the direction of the mean velocity at a point 
may be defined as the direction of a straight line, such that the mass 
flow through a small closed curve drawn about the point in any plane 
containing the line, vanishes when integrated over any appreciable 
interval of time. Since it is characteristic of turbulence that the 
fluctuations are too rapid to be followed by our ordinary measuring 
instruments, an ‘‘appreciable”’ interval of time is to be understood 
as one during which a large number of fluctuations takes place. 

With this definition, a system of curves may be drawn in the 
stream so as to be, at each point, tangent to the direction of the mean 
velocity at that point; and the stream may be divided into filaments 
by tubular surfaces generated by the motion of such curves perpen- 
dicularly to themselves. On the whole, no fluid enters or leaves such 
a filament transversely; the mass flow is sensibly constant at any 
section of the filament and the same for all sections; and the motion is 
in some respects analogous to flow along a tubular channel with 
ngid impervious walls. 

The magnitude of the mean velocity at any point, or the mean speed 
there, may be defined by saying that the constant mass flow along an 
infinitesimal filament containing the point is equal to the product of 
the mean speed, the density, and the cross sectional area of the fila- 
ment at the point. 

Having disposed of these preliminaries, we may state the assump- 
tions on which the theoretical equations are based and outline the 
deduction of the equations, after which we shall discuss the assump- 
tions in some detail. 

For the sake of brevity the normal section of the approach pipe 
just ahead of the point where the stream begins to converge toward 
the nozzle will be denoted by A,, and the normal section of the 
emerging jet at the mouth of the nozzle will be denoted by A. The 
assumed ideal conditions under which the theoretical equations 
would be true and M exactly equal to M@, may now be described, as 
follows: 

(2) The static pressure of the fluid is uniform and constant over Aj. 
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(b) The static pressure in the jet is uniform over A and is equal 
to the constant pressure of the atmosphere into which the jet j 
escaping. 

(c) The temperature of the fluid is uniform and constant ove 
A, and A. 

(d) The mean velocity is uniform over A, and A and parallel j 
the common axis of the pipe and the nozzle. 

(e) There is no transmission of heat between the fluid and th 
nozzle or between different portions of the fluid; that is, the floy 
from A, to A is adiabatic. 

(f) There is no dissipative generation of heat either by the decay 
of turbulence or by reason of transverse variations of speed, which 
may occur in the converging stream even though the velocity js 
uniform and axial at A, and A. 

(g) The fluid is an ideal gas. 

The following notation will be employed: 


D,, D=the diameters of the sections A, and A, respectively: 
8=D/D,= the “diameter ratio”’ of the nozzle; 
S,, S=the speeds normal to A, and A; 
Po, p= the static pressures in the gas at A, and A; 
Po, p= the densities of the gas at A, and A; 
6,, 8=its absolute thermodynamic temperatures at A, and A; 


€,, €=the values, at A, and A, of the internal energy of the 
gas per unit mass; 


T., T=the values, at A, and A, of the kinetic energy of uni 
mass of gas; 


C,, Cp=the specific heats of the gas at constant volume ani 
constant pressure, respectively ; 


v= (;,/C,=the specific heat ratio of the gas; 
R= the “gas constant’’ for unit mass of gas; 


M,=the “theoretical”? mass flow or rate of discharge [row 
the nozzle; 


M =the actual or true mass flow: M and M, would be identici 

if the assumed ideal conditions were realized in practice 

As regards units, quantities of heat and internal energy are to b 

measured in the same units as kinetic energy and work, and mecha 

ical quantities are to be measured in some set of normal units. For 

example, if speed is in ft./sec., density in ]b./ft.3, and mass flow 

Ib./sec., then diameters are to be in feet, pressures in poundals pe 

square foot and quantities of energy in foot poundals (1 ft./lb.=322 
feet poundals, and 1 |b./in.?=32.2 x 144 poundals per square foot.) 
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Units of this sort are most convenient in the theoretical work, but 
nore familiar units will be introduced later when the equations are 
o be used for numerical computation. 

The first law of thermodynamics, as applied to the passage of unit 
mass of gas through the nozzle from A, to A, may be expressed by 
he equation 


(T'+ €)—(To+ co) =e E4. W+Q (2) 


Fo 


n which the first member represents the increase of the total energy 
f the unit mass, kinetic plus internal, and the terms of the second 
nember have the following meanings: 

PolPoy OF PoX the specific volume at Ag, is the work done on the 
init mass, as it crosses A,, by the gas following it; 

p/p is the work done by the unit mass, in crossing A, on the gas 


phead ; 

WV is the work done by outside forces on the unit mass while it is 
yetween A, and A; and 

Q is the heat received from outside sources by the unit mass while 
tis between A, and A. 

In the case of a horizontal nozzle with fixed rigid walls, no work 
s done by the walls or by gravity and W=0. Furthermore, in the 
deal state of flow now under discussion, Q@=0 by assumption (c), the 
low being adiabatic. Equation (2) may therefore be written in the 


form | 
T- T.=(«+ Pe) (<1 2) (3) 


In perfectly steady stream line motion with the speed uniform, as 
equired by assumption (d), the kinetic energy per unit mass is 
simply S?/2. But if turbulence is superimposed on the steady flow, 
he kinetic energy of the turbulent motion increases the total kinetic 
Rnergy by an amount A equal to the quantity of heat that would be 
benerated if the turbulence were all instantaneously dissipated 
vithout changing the speed S. We must therefore write, in general, 

7, =% +h,; T= er h 


2 2 


T—T,=5 (S’—S*.) — (ho—h) 


which the term (h,—h) represents the amount by which the kinetic 
hergy of turbulence has decreased from A, to A by dissipation into 
eat, 
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In the ideal case, assumption (f) requires that (ho—h) =0, thou) 
it is to be noted that h, and h are not required to vanish separately: 
hence we have 


T~T,=5 (S*—S*,) 


U (S?— S?,) = (« + be) — (« at P) 7) Band 


neal 


or by (3) 


Since the rate of discharge is constant, the mass flow is the san 
at A as at A, and we have 


M.= = D*.p.S.= 4 D*pS 


and after eliminating S, from (7) and solving for S, we have 


(« Pe) (. + P) 
9 Pos \ Pp 
1—p{ ? 





meal 


which holds for the flow of any fluid, subject to conditions (a,____,f), 
because up to this point no assumption has been made regarding the 
nature or properties of the fluid. 

Since skin friction necessarily retards the flow near the wall of the 
nozzle, assumption (d), that the speed is uniform over A, impli« 
that there is no skin friction and that the flow is unresisted. By 
assumptions (e, f) the flow is also adiabatic and free from any in 
ternal dissipation; hence the process of expansion and acceleration 
from A, to A is isentropic, and in order to go on from (9) we must 
know how the density and internal energy of the fluid in question 
vary with the pressure during isentropic changes of state. 

These relations become very simple if it is stipulated that the 
fluid shall be an ideal gas, in accordance with assumption (9). 
ideal gas is, by definition, one for which the equations 


R=constant, and C,= constant 


are exactly satisfied. For such a gas it is readily shown, by 
mentary thermodynamics and with no further assumptions, thai 


Y R Y | 
Os and «= C,0 + constant (1 


and that during isentropic changes of state between any two pre 
sures p and p,, the density and temperature change in accordance 


with the equations 
1 , ~1 
PL (2) oat -(2)r 
Po Po 94 Po 
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From (10, 11, 12) we have 


(«+2 be) (+2) — (B+ 0,) 60-6) —1, Ro(? - 1) 
afey"-] 


and after substituting inn (13) into (9) and eliminating a by 
means of (12) we have 0 


= ay -21(5)" 1] a 
a-[-o(fy J" as 


he mass flow may then be found from (8), one form of the result 


eing 
_® mp. /_27_ p\2_ BY? 
iB, poro| (2-) (2) (16) 


(13) 





where 





Equations (14, 15, 16) may, of course, be obtained in various 
lternative forms by utilizing (11, 12, 13) in different ways, but since 
he subject is treated in most a i on technical thermodynamics 
he foregoing outline of the reasoning will be sufficient here, and 


further algebraic details may be dispensed with. 

The quantity B, defined by (15), is the “‘speed-of-approach factor”’ 
necessitated by the fact that the gas crosses the section A, at the 
inite speed S,, instead of starting from rest, as in the case of an 
rifice in the wall of a large tank. If A, is very large compared with 
A, S*, is negligible in comparison with S? and may be omitted from 
(7). In other words, if 8 is very small, B is sensibly unity and may 
be omitted from (14) and (16). The greatest value of 6 for any of 
he nozzles used in this investigation was 5/36; and since p was 
hecessarily always less than p,, the greatest possible value of B was 
ess than 1.00019. The correction for speed of approach was thus 
ntirely negligible, even in the worst case, and B could be omitted 
rom (14, 16). 

The assumptions described above define the ideal conditions under 
which the actual speed and rate of discharge would have precisely 
he theoretical values given by (14, 16), but the same conditions 
ight have been defined by stating the assumptions somewhat 
lifferently. For example, if the fluid were entirely nonconducting 
hid free from viscosity, conditions (e) and (f) would be satisfied 
hutomatically, and these two assumptions might, therefore, be 
eplaced by the two other assumptions, that the fluid was noncon- 
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ducting and nonviscous. The particular set of assumptions adoptg 
above was chosen, partly because it permits of going as far as equatiq, 
(9) without imposing any restrictions whatever on the nature of thy 
fluid and partly because it is easier with this choice than with som 
others to form an estimate of the probable effect of the departurg 
from the ideal conditions which necessarily occur in practice, | 
they now stand, assumptions (a__-_-f), concerning the general natuyp 
of the fluid motion, are more or less interdependent, but the fing! 
assumption (g) is quite separate from the others, and it will be cop. 
venient to dispose of it first. 

No real gas satisfies equations (10) exactly, for departures ma 
always be observed if the experiments cover a wide enough range 
but all that is really assumed is that the equations are satisfied ove 
the range of pressure from p, to p and over the accompanying rang: 
of temperature due to the cooling by rapid expansion from p, to ; 
and if #& and C, are sensibly constant over this range of condition 
the use of equations (10, 11, 12) is justified. 

In our work with flow nozzles the initial pressure in the pipe wa 
seldom more than 1 |b./in.? above the outside barometric pressur 
but during the calibration of two of the smaller nozzles there were; 
few cases in which the pressure drop was nearly 2.6 Ibs./in.?, so that 
the pressure fell from 17.3 to 14.7 lbs./in.2.. The simultaneous fall o 
temperature may be found approximately by means of (12), and {a 
initial temperatures in the vicinity of 70° or 80° F. the cooling mus 
have been about 25° F. 

Over this range of conditions the variations of R from its mean 
value are of the order of +1 in 25,000. The variations of C, ar 
nearly +1 in 1,300 and those of y +1 in 4700. But a change of this 
magnitude in y affects the value of S computed from (14) by only 
about 1 in 200,000. In view of the foregoing, it seems quite safe ti 
ignore the variations of R and C, and to accept assumption (9), a 
equations (10, 11, 12), as sensibly exact under the given experiment 
conditions. 

We proceed to the consideration of assumptions (a) and (6). Ini 
steady stream of gas flowing straight along a uniform pipe the stati 
pressure must be uniform over any normal section, for any departure 
from this condition would result in transverse currents and be incor: 
sistent with flow parallel to the axis. If the flow is turbulent, it ® 
to be presumed that the static pressure at any point is subject t 
rapid fluctuations; but if the stream has been freed from permanet! 
eddies, cross currents, or whirl, either by straightening devices or by 
a sufficient preliminary length of straight pipe, the average stati 
pressure must be the same at all points of a cross section. Assump 
tion (a), therefore, corresponds closely to the actual experiment 
conditions. 





MBean, Buckingham, | Discharge Coefficients of Orifices 633 


Murphy 


The boundary of a jet of air from a flow nozzle may be made visible 
by suitable means, and for speeds below that of sound, observation 
shows that while the boundary gradually loses its sharpness at increas- 
ing distances from the end of the nozzle, it starts out as a cylinder and 
shows no tendency to swell or shrink laterally, as it would necessarily 
do if the air in the jet were at a different pressure from the surround- 
ing atmosphere. From this it may be concluded that the static pres- 
sure is sensibly uniform and equal to the atmospheric back pressure 
at all points of the exit section A. This agrees with experimental 
measurements of the static pressure at the center of the mouth of the 
nozzle, where the pressure, if not uniform, might be expected to differ 
most from the outside pressure. 

It thus appears that assumptions (a) and (b) are, as nearly as we 
an tell, satisfied in practice and that, in this regard, the ideal state of 
affairs is a close approximation to reality, though it is impossible to 
say just how close. 

Turning to assumption (c), we find that the first part requires no 
extended comments, for the temperature in the approach pipe is under 
experimental control, if necessary, and may without difficulty be made 
very uniform; but the remaining assumptions are not so readily 
disposed of, for the assumed conditions are evidently violated in the 
outer part of the stream close to the wall of the nozzle. Nevertheless, 
equivalent assumptions sufficient for the validity of (14) may be very 

early true for the central part of the stream at adistance from the wall, 
and we may consider this possibility. 

If the section of the jet at the mouth of the nozzle is explored with a 
fine impact tube, there is no indication of any systematic variation of 
the impact pressure with distance from the axis until the tube is moved 
fairly close to the wall, when the impact pressure begins to fall off 
rapidly. So far as impact pressure is concerned, and to the limit of 
accuracy of the apparatus, the jet consists of a uniform core surrounded 
by a thin nonuniform sheath. 

Decreasing the speed of the jet thickens the sheath and diminishes 
the diameter of the core, and the same effect is produced by increas- 
ing the length of the cylindrical throat. Another pertinent fact is 
that when a steady stream of fluid enters a long, straight pipe from 
ja large space in which the fluid is sensibly at rest the impact pressure 
is found to be uniform over almost the whole of a cross section near 
the entrance. and does not settle down to its ultimate nonuniform 
distribution for a long distance. 

It takes time for a tangential drag or shearing stress to be prop- 
gated from one point to another in a fluid, and the observations 
‘ited above show that the uniformity of the core at the mouth of 
he nozzle is due to the shortness of the time of transit of any given 
particle of air through the nozzle. The retarding effect of a wall of 
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given smoothness penetrates the stream only a certain distang 
before becoming inappreciable, and beyond this distance—th 
thickness of the sheath—no effect is produced unless the skin fri. 
tion is increased by roughening the wall or unless, alternatively 
the time available is increased, either by slowing down the jet q 
by lengthening the nozzle. Those filaments of the stream whic 
make up the uniform core observed at the exit section A are too {fy 
from the wall to have been appreciably retarded by it, even at th 
end of their course through the nozzle, and the flow along them gox 
on in the same way as if there were no skin friction at all. 

To this conclusion it might be objected that the impact pressup 
of a stream depends on density as well as speed, and that constancy 
of impact pressure does not prove that speed and density ap 
separately constant. Any change of speed due to the proximity ¢ 
the wall of the nozzle must necessarily be a decrease, but a simulty 
neous increase of density by the right amount would offset this ani 
keep the impact pressure constant, in spite of the falling off ¢ 
speed. 

In reply, it may be remarked that if the static pressure is ccnstatt 
all the way across the mouth of the nozzle, as it appears to be, a 
increase of density near the wall would require that the temperatux 
there be lower than farther out in the stream. Now, the air is cooled 
by its rapid expansion and, in any normal circumstances and in 
the absence of artificial cooling of the nozzle, it tends to be colde 
than the nozzle and to be heated by contact with it. Furthermor, 
the surface layer is most heated by skin friction because it is mos 
rapidly sheared. For both these reasons the air immediately in 
contact with the wall must be not colder but hotter than the ai 
farther out, and the transverse temperature gradient must be up 
ward toward the wall. Hence, there can be no such compensatin 
increase of density as was postulated above, and we are justified 
concluding that the speed at the exit section A is unretarded by 
skin friction at least as far out from the axis as the impact pressur 
remains constant. 

The increase of temperature due to the flow of heat from the surfae 
layer toward the axis is also confined to the sheath and is imperceP 
tible inside the core, for at constant static pressure an increase ¢ 
temperature at any point within the core would lower the densi 
and would have to be accompanied by a simu!taneous increase 0 
speed in order to keep the impact pressure constant. The nearer tle 
point in question is to the source of heat at the wall the greater wil 
be the rise of temperature and the greater the increase of speed I 
quired to compensate it, whereas the speed can only decrease towall 
the wall, if it changes at all. Hence, the heating must be negligibl 
inside the core where the impact pressure is constant. 
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It may be noted here, as a side remark, that the propagation of a 
retarding drag and of a rise in temperature into a stream of gas, 
Bfrom a fixed boundary which is kept hotter than the gas, is the result 
of asingle mechanism, so that the two phenomena are not independent 
but intimately connected. When two parallel streams of gas are 
flowing past each other they tend to mix, and the mixing tends to 
equalize both temperature and velocity. In pure stream line motion 
the mixing is on a molecular scale by diffusion, which tends to equalize 
not only the mean longitudinal components of the molecular ve- 
Jocities, but also the mean molecular kinetic energies of translation 
jn all directions indiscriminately, to which the absolute temperatures 
are proportional, - If the motion is turbulent, the mixing occurs on a 
molar instead of on a molecular scale; the colder but faster moving 
jayer is continually having some of its particles replaced by others 
from the adjacent layer which are hotter but moving forward more 
lowly. The substitution of turbulent convection for the slower 
process of mixing by diffusion accelerates both phenomena, but the 
parallelism of heating and retardation remains and both effects 
recessarily increase or decrease together. 

To return from this parenthesis, the general conclusion is that 
he expansion and accelaration of the air that escapes from the 
ozzle within the region of uniform impact pressure revealed by 
exploration with the impact tube go on in sensibly the same manner 
ps if the wall of the nozzle were perfectly frictionless and noncon- 
ucting. And if we now suppose this inner part or core of the 
tream to be surrounded by a geometrical surface, reaching from 
A, to A and so constructed as to be everywhere tangent to the 
irection of the mean velocity, the air of the core is discharged 
hrough this imaginery nozzle in precisely the same way as if the 
eometrical surface were a rigid, impervious, frictionless, noncon- 
lucting, material nozzle, somewhat smaller in diameter than the 
hctual nozzle but of similar though less sharply curved profile. The 
onditions which were originally assumed to prevail throughout the 
tream but which are evidently violated near the wall of the nozzle 
tre much more approximately satisfied in this core from which the 
honuniform sheath has been excluded; but some further exami- 
ation of the circumstances is required before it can be admitted that 
tll the conditions necessary to the validity of (14) are satisfied. 

It will first be supposed that the diameter ratio 6 is so small that 
S*, and, a fortiori, its transverse variations, may be neglected. As 
lready noted, this condition was satisfied by even the largest of the 

‘P0zzles employed in the present investigation. 
wil The different filaments of the core now all start from A, at the 
gibeRBame static pressure p, and with the same (negligible) speed S,, 
nd they all reach A at the same static pressure p and with the same 
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impact pressure. The question is: Can the flow along each filamey 
be regarded as unresisted, adiabatic, and free from internal diy 
sipation; that is, as isentropic? If so, the speed S attained at | 
must be the same for all filaments and must have the value givey 
by (14). 

The conditions of flow are not quite the same along all the fi, 
ments, because the outer ones are longer and more curved than th 
ones near the axis; and it can not be assumed that there are 
transverse gradients of speed and no shearing anywhere in the cop 
verging stream, even though there is no skin friction to retard th 
outer layer. Such shearing will be distributed symmetrically aboy 
the axis of the nozzle, but it will be different at different distance 
from the axis on account of the varying curvature of the filaments, 

Let us consider the ring of filaments where this shearing is mos 
rapid, wherever that may be. The resistance to shearing dissipats 
kinetic energy into heat, lowering the speed and raising the tempe- 
ature relatively to other filaments where the rate of shear is lowe, 
Hence, where those filaments which have suffered the greatest diss: 
pation arrive at A, over which the static pressure is constaat, tl 
impact pressure will be less than it is elsewhere; but in practice n 
such variation is observed, hence it is to be concluded that the effects 
of this internal dissipation on the speed of flow are insignificant, and 
that the speed at A is sensibly uniform throughout the core. Mor 
over, if this dissipative heating is insignificant, its effects in distur 
ing the initial uniformity of temperature and causing a flow of heai 
between adjacent filaments must also be negligible, and the floy 
along each filament of the core may be regarded as adiabatic. 

It remains only to consider the possible effects of the dissipative 
decay, between A, and A, of turbulence initially existing at A,. It 
is a matter of common observation that the natural turbulence of: 
stream of water or air decreases with the speed of the stream and 
may even become quite imperceptible while the general forwar 
speed is still considerable; and it is obvious that, in the absence i 
artificial stirring or of devices introduced with the special purpose ¢ 
creating turbulence, the kinetic energy of turbulence in any o1dinay 
slow stream is, at all events, not of a higher order of magnitude tha 
the kinetic energy of the general forward motion. 

If the latter supplies only a negligible term to the equations fc 
the speed of the jet, as is now supposed and as was true in our exper 
ments, the term representing heat obtained from the dissipation of « 
equal amount of kinetic energy of turbulence must also be negligible 
Moreover, turbulence does not vanish instantaneously but decay 
slowly, and it seems probable that only a small fraction of the tu 
bulence existing at A, is dissipated during the extremely short tim 
of transit through the nozzle. It therefore seems perfectly safe 1 
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sume that under such conditions as existed in our experiments the 
ects of the dissipation of initial turbulence were entirely negligible. 
Accepting the foregoing reasoning as valid within the limitations 
f accuracy of the experimental observations on which it depends, 
e may now say that the flow along each filament of the core is 
resisted, adiabatic, free from dissipation, and therefore isentropic; 
ence equation (14) is applicable to each filament separately. And 
nce the initial speed and density and the initial and final static 
ressures are the same for all, the final speeds and temperatures are 
so the same, and the final speed of the uniform core at the mouth 
f the nozzle has the value 


V4 Pl (Pov 
y-1 < — 1] vay 
iven by (14) when @ is small enough that S?, is negligible. 

The ideal conditions required for the validity of (17) thus appear 
) be very nearly realized in the core of the jet, and under the cir- 
umstances of our experiments it seems probable that if the observa- 
ions of pressure and temperature were exact, equation (17) would 
ive the true speed of the middle part of the jet within +1 in 1,000 
br better. If the uniform core filled the whole section of the mouth 
bf the nozzle, the mass flow might then be found to the same accuracy 
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tudfey (16); but since the nonuniform sheath is of finite thickness, a 
hea orrection factor must be introduced, and in default of a method log 
floymne absolute measurement of mass flow this factor has to be deter- 





mined by means of impact tube observations. Hitherto, it has been 
ufficient to assume, as a familiar qualitative result of experiment, 
hat the impact pressure of a stream of fluid increases with both 
speed and density, but it now becomes necessary to discuss the 
juantitative interpretation of measurements of impact pressure. 

Let the impact tube be placed, pointing directly upstream, in a 
wrent of air of speed S, static pressure p, and density p; and let A 
be the observed impact pressure, so that the absolute static pressure 
f the air in the mouth of the tube is p+A=p,.- The values of p 
snd A are observed directly, while that of p has to be found from 
nn observation of the temperature, together with the value of p 
snd known constants for air. The problem is to find the unknown 
alue of S from the observations of pressure and temperature. 

Air approaching from upstream is slowed down and brought 
sensibly to rest at the mouth of the impact tube, and concurrently 
‘ith this decrease of kinetic energy the air is compressed and its 
ressure rises from p to p+A. This air may be regarded as flowing 
along a tubular filament which is initially of very small cross section 
in the undisturbed stream but which expands laterally as the speed 
of flow along it decreases, and finally merges into the nearly station- 
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ary cap of air at the static pressure p+ A, which covers the mouth of 
the tube. The equivalent outflow needed to maintain a steady 
pressure in the mouth of the tube is provided by a continual slow 
spilling over the edge, this escaping air falling at once to the pres- 
sure p and mixing with the general stream past the tube. 

If it be assumed that the flow along this central filament is adj. 
abatic, unresisted, and free from dissipation, the process of deceler. 
ation and compression is isentropic and thermodynamically reversible 
and is an exact reversal of adiabatic isentropic expansion from 
p+A to p, accompanied by acceleration from a negligibly low speed 
to the final speed S. Hence, on the permissible assumption that air 
acts sensibly like an ideal gas, the air speed required to set up the 
observed impact pressure will be given by the equation 


_ =. 
se ES) a8 
which is identical in form with (17) and deduced by the same theo- 
retical reasoning. 

Equation (18), or some more convenient mathematical equivalent, 
is commonly used for finding the value of 8; but since the equation 
is deduced from assumptions which are evidently not exactly true, 
this practice requires justification. 

In discussing the discharge of air through a nozzle, reasons were 
advanced for supposing that the conditions are so nearly uniform 
across the core of the stream that the flow along any filament is sensi- 
bly unaffected by interchange of heat or momentum with adjacent 
filaments; but in the case now under consideration the conditions are 
evidently different and are less simple. The central filament which 
leads to the mouth of the impact tube is not surrounded by other fila- 
ments which are just like it and so have no effect on it. On the con- 
trary, the surrounding filaments are, on the whole, moving much 
faster than the central one and must exert a forward drag on it, 
something like a negative skin friction. Moreover, the air in the cen- 
tral filament is heated by the rapid compression, and must lose heat 
laterally. The reasons for regarding (17) as accurate for the case of 
the jet are therefore not sufficient to make (18) appear reliable for 
interpreting impact tube observations, and some additional. evidence 
is needed before (18) can be trusted. 

The best sort of evidence would be furnished by experiments in 
which the air speed S was measured by an independent absolute 
method, but such measurements are difficult, and there is not much 
evidence of this kind available, even for low speeds. Experiments at 
the National Physical Laboratory showed that up to air speeds of 





1) Bramwell, Relf, and Fage; Rep. Adv. Comm. Aeron., p. 35; 1912-13, 
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50 ft.-sec. the measured and computed speeds did not differ by more 
than 1 part in 14000; and other observers, using various methods 
for measuring the speed, have also failed to detect any disagreement 
of measured and computed values greater than the errorsof experiment. 
For higher speeds there are no direct measurements to refer to but there 
is, fortunately, an important piece of indirect evidence. 

Let an impact tube be fixed on the axis of the jet from a flow noz- 
ile a little outside the end of the nozzle, and let it be connected, 
through a sensitive differential gauge, to a static side hole in the wall 
of the approach pipe ahead of the nozzle, so that the gauge indicates 
the excess of the total static pressure in the impact tube over the static 
pressure of the approaching stream. If the speed of approach is so 
low that the equivalent impact pressure is below the limit of accuracy 
of the gauge, the gauge reads sensibly zero, otherwise the reading of 
the gauge is equal to the impact pressure at the axis of the approach- 
ing stream. In any event, the total pressure in the impact tip at 
the mouth of the nozzle is equal to the total pressure in an impact 
tip placed in the center of the approaching stream. 

This convenient relation, which was pointed out and utilized 
by Moss" in the paper already cited, appears to hold very accurately. 

In addition to the experiments of Moss, experiments by the Bureau 
of Standards with a 2-inch nozzle on the end of an 8-inch pipe have 
shown that at air speeds slightly below the speed of sound the relation 
was certainly accurate to within less than 0.001 of the pressure drop 
through the nozzle, and there is every reason to suppose that it holds 
more rather than less accurately at lower speeds.’® 

The air in the central filament which strikes the mouth of the 
impact tube starts from a low or negligible speed in the approach pipe, 
expands to atmospheric pressure at the mouth of the nozzle, and is 
accelerated to a high speed there. It is then decelerated and brought 
to rest at the mouth of the impact tube, and its pressure rises from 
atmospheric to the pressure in the tube. The relation described 
above shows that the final pressure of the air when brought to rest is, 
as nearly as we can tell, exactly equal to the initial static pressure 
it would have had in the approach pipe if the pipe had been very large 
and the speed of approach negligible; and that so far as speed and 
static pressure are concerned the second half of the process is an exact 
reversal of the first half. 

It follows from this that if (17) does, in fact, give the speed of the 
jet accurately, from observations of the initial and final static pressures 
and the initial temperature (needed for computing p), (18) gives the 
speed of a stream of air to the same degree of accuracy from obser- 





* Trans. Am. Soe. Mech. Eng., 38, p. 761; 1916. See also a recent paper presented at the annual meeting 
of the society; December, 1927. 

‘Under some very special conditions the relation might be expected to fail, but these conditions would 

ver occur in ordinary practice. See M. Barker; Proc. Roy. Soc., A-101, p. 435; Aug. 1, 1922. 
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vations of the impact pressure A and of the static pressure and tem. 
perature of the undisturbed stream. Hence, if we admit the force of 
the reasons set forth above for regarding (17) as accurate for the core 
of a jet, we must accept (18) as confirmed empirically, without any 
further discussion of the physics of the impact tube. 

There is, however, a quite different way of looking at the matter. 
Let us ignore the arguments hitherto advanced in favor of the accuracy 
of (17) and start afresh from the experimental fact that when an impact 
tube is placed in the jet from the mouth of the nozzle the expansion and 
acceleration through the nozzle are reversed by the compression 
and deceleration in front of the impact tube. 

This is, of course, just what would happen if the whole process of 
expansion and recompression were completely reversible and isen- 
tropic, for on this condition both (17) and (18) are exact, and the 
experimental relation necessarily follows; but while this condition is 
sufficient it is not strictly necessary, for it is conceivable that both 
parts of the process might be irreversible, and yet the departures 
from the ideal conditions might happen to offset each other in such 
a way that both equations were always in error by the same amount 
and the experimental relation still subsisted. 

If the conditions of expansion along a core filament to the end of 
the nozzle were at all like those of the recompression along the central 
filament ahead of the impact tube, such a compensation of errors 
might seem possible; but when we consider the dissimilarity of the 
two processes it seems almost infinitely improbable that there should 
be any compensation of this sort. There are obvious causes to pre- 
vent either process from being exactly reversible and isentropic, but 
these causes are so different, while their effects, if any, are the same, 
that the only rational conclusion to be drawn is that the effects are 
insignificant in both cases; and from this it follows that the ideal 
conditions for the validity of (17) and (18) are so nearly realized in 
practice that the departures from them may be ignored and the 
equations regarded as sensibly exact. 

This second method of justifying the use of the theoretical formulas 
is much simpler than the former one, and it is based on a single well 
established experimental fact, namely, the existence of the relation 
pointed out by Moss, which is known to hold to an accuracy of | 
in 1,000 at worst. Most readers will probably find the argument 
more satisfactory than the earlier one; but in any event it seems 
safe to assume, in the absence of convincing experimental proof to 
the contrary, that, so far as the equations themselves are concerned 
and aside from errors in the measurements of pressure and tempera- 
ture, the equations will give the true values of the speeds in question 
to an accuracy of 1 part in 1,000 or better, and they will henceforth 
be accepted without further discussion of their accuracy. 
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The employment of the impact tube in calibrating a nozzle so as 
to determine the value of its discharge coefficient C= M/M, will be 
considered in Appendix B. At present we have only to supplement 
the theoretical discussion of the flow nozzle by showing how the 
theoretical mass flow Mf, may be computed in practice from the 
observations of pressure, temperature, and humidity. 

Direct substitution of S from (17) into (8) gives us 


oe ee ee 
te Dy) 2% ol (22) 7-1 | a 
and by (12) we have 


p ae 
PP = PoPo Po Fy yea 5, = Pobo (2 (20) 


whence by (19) 


1/5 (22 
M, 4 D 2 1 PoPo | (2)r-( Po (21) 
which is the form into which (16) degenerates when £ is small, as it 
was in the present experiments. 


For air in the vicinity of atmospheric pressure and temperature the 
specific heat ratio is very nearly y=1.40, so that (21) reduces to 


M.—2.078D"/ ” 1 ( P yr 3 (2 " 99 
Poll \ Po ¥) (22) 


Hitherto, all equations have been given in terms of normal units, 
so that in (22), if MM, is expressed in lb./sec. and p, in |b./ft.*,D must 
be measured in feet and p, and p in poundals/ft.?.. If we now express 
D in inches and p, and p in lb./in.?, the numerical factor 

144 X 32.174 
144 


must be introduced and (22) becomes, with these new units 


r nol (PY _(2Y* I 
M,=0.98222D"y/p.»,] (2) ( ¥) ] (23) 


The diameter D is a known constant for each nozzle and p, and p 
are observed directly, but the value of p, has to be found from the 
pressure, temperature, and humidity of the air in the approach pipe. 
The method: of computation and the necessary data on air have 
already been described in Section XI of the body of the paper, and 
the result is expressed there by equation (26). Since the range of 
pressure at the nozzle is small, we may set Y=1 and we then have, 
for our present purpose, 


= 2.6914 — res q(1-0. 38 - =) (24) 





= 0.47268 





14830°—29-——_6 
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in which ¢°F. is the temperature of the approaching air, and zx |b. /in? 
is the partial pressure of the water vapor in it. Upon substituting 
this value of p, in (23) we get as the final equation for computing 
Mu, 


M,=1.6114D"p, oa i [(P Y Y (25) 
458+t, Po (2 


in which: 
M,{lb./sec.]= the theoretical rate of discharge; 
D{ins.]= the throat diameter of the nozzle; 

Po (lb./in.?] = the static pressure in the discharge trunk; 
p(lb./in.*] =the pressure of the outside atmosphere; 
x(lb./in.2]=the partial pressure of the water vapor in the 

air in the trunk; and 
t{[°F.]=the temperature of the air in the trunk. 


Appendix B. DISCHARGE COEFFICIENTS OF THE NOZZLES 


It has been shown in Appendix A that the theoretical equations 
(12, 17) may be regarded as giving the actual values of the density 
and speed, without appreciable error, for all points of the section A 
within the uniform core of the jet, and these equations lead to the 
expressions (19, 21, 22, 23, 25) for the ‘‘ theoretical”’ rate of discharge 


which would occur if the core filled the whole throat of the nozzle. 
But since, in reality, the speed is lower in the immediate vicinity 
of the wall than farther away, the actual rate of discharge is less 
than the theoretical rate, and the next problem is to find how the 
theoretical rate must be corrected to allow for the actual departure 
from uniformity of conditions near the boundary of the jet. 

The only experimental method available for investigating the 
state of affairs in the variable region consists in observing the impact 
pressure in a fine impact tube set at various distances from the axis 
of the jet, and we have now to consider how the results of such 
observations may be interpreted and utilized. 

The walls of the pipe and nozzle formed a surface of revolution, 
and after the approaching stream had been straightened by passing 
through the honeycombs, conditions in the jet appeared to be nearly 
symmetrical about the axis of the nozzle. The arithmetical mean 
of readings of the impact pressure at a given radius, but in several 
uniformly spaced azimuths was therefore taken io represent the 
reading that would have been obtained everywhere at that radius 
if the flow had been completely symmetrical, and we proceed to 
consider the properties of a symmetrical jet. 

In accordance with the notation employed in Appendix A, let 
pr, S;, etc., denote the density, speed, etc., in the exit section A at 
the radius r, and let a be the radius of this section. 
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The mass flow through a ring shaped element of A, of radius r 
and width dr, is 
d M=2nrdrp,S, (26) 
whereas if the density and speed at this radius had the theoretical 
values given by (12, 17) the mass flow would be 


dM,=2zxrdrpS (27) 


For this element of the area, the ratio of actual to theoretical flow is 
»S,/pS, and the discharge coefficient of the nozzle is the average 
value of this ratio for the whole area of the section. We therefore 
have the equation 
= 7 "9 op Pre 1 pS, ry 
eae oS dr= i ae d (28) 
or if we abbreviate by setting 


( *) r and 25! =y 29) 


1 
C= | 'ydz (30) 
If the values of y can be determined and the curve 
y=f(@) (31) 
drawn, the value of C may then be found graphically by measuring 
the area inclosed by the curve, the axes, and the ordinate at r=1. 
If ABC in Figure 10 represents the curve, the value of the discharge 


coefficient is given by 


C= area OABCDO = 1 — area BECB (32) 


This procedure can 
not be followed 
strictly, because there A 
isno practicable way 
of determining the re- 
quired values of y ac- 
cording to the defini- 
tion in (29). But ap- 
proximate values may 
be obtained from 
measurements of im- 
pact pressure, and 
under the conditions 
prevailing in our ex- Q 
periments the approx- 
imation is close 
enough that the foregoing graphical method may be followed 
without serious error. 


we have 





x= (ya) 
D 
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It was shown in Appendix A that, for an impact tube in a uniform 
stream of air, equation (18) may be relied on as a sensibly accurate 
relation connecting the observed impact pressure with the speed, 
density, and static pressure of the undisturbed stream. With y= 1.40, 
as for air, the equation is 


S=4 7Bl (B+A); 71] (33) 


and after developing (1+A/p)* by the binomial theorem, this may 
be reduced to 

s- w = (34 
in which 


5A, 10 247 ? 
g-|1- 14 p49 ay 8 686 =) +3a0t( 5) — -—ete. |} (35) 


Equations (34, 35) are usually more convenient than (33) for numer- 
ical computation, and they are more suitable to our present purpose. 

If the speed of the stream in which the impact tube is pleced 
varies transversely, as it does near the boundary of the jet from a 
nozzle, and if the observed value of A is substituted in (34, 35), the 
resulting value of S is the speed of a uniform stream, of the given 
density and static pressure, which would set up the pressure actually 
observed in the impact tube. This fictitious uniform speed is some 
sort of average of the speeds upstream from the mouth of the tube 
and is between the highest and lowest of them; but it is not neces- 
sarily equal to the speed that would exist at the present position of 
the geometrical center of the mouth if the impact tube were removed. 
And when the impact pressure has been measured with the geomet- 
rical center of the tip at a known distance from the axis of the nozzle, 
and the corresponding uniform speed has been computed from 
(34, 35), some uncertainty remains as to the radius at which the 
speed of the jet really has this value. 

The uncertainty diminishes with the diameter of the impact tip, 
and the obvious remedy for it is to make the tip very fine; but the 
possibilities in this direction are limited, both by mechanical diff- 
culties and by the fact that (33) ultimately ceases to hold, even for 
uniform stream.” The tip used in all our final calibrations had 4 
diameter of about 0.02 inch, and this, though small, was not entirely 
negligible, as will be noted later. 

The task of interpreting the results of an impact tube calibration 
is further complicated by the necessity of traversing the tip in 4 
plane that clears the end of the nozzle instead of exactly in the 
plane A where the cylindrical throat of the nozzle terminates. It 








® See M. Barker, Posh: Roy. Soc., A 101, p. 435, Aug. 1, 1922, 
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did not appear that there was any appreciable spreading of the 
free jet in the short distance between these planes; but when the 
impact tube was moved entirely outside the jet, so that its tip faced 
the flat end of the nozzle, with a clearance of a few thousandths of 
an inch, there was still a considerable excess pressure in the tube. 
This can not have been due to direct impact of the jet, and whatever 
its cause it was spurious as an indication of impact pressure. 

We shall start, however, by ignoring the difficulties just mentioned 
and shall assume that values of A, have been obtained with a tip of 
negligible diameter in the plane A. The effects of the actual de- 
partures from these ideal experimental conditions will be considered 
subsequently. 

For a point at the radius r (34) takes the particular form 


$= Qe) (36) 


in which Q, is defined by (35) with A,/p, in place of A/p; and from 
(34, 36) we have, as a new expression for y, 

_ pS; Q, prAr ae 

ie pS Q pA (37) 

Moreover, it may be shown-that under the conditions of our experi- 


ments both Q,/Q and p,/p were so nearly unity that the simpler 
equation ; 


y=! (38) 


was an adequate substitute for (37). 

Before proceeding to justify this simplification it will be convenient 
to put equation (30) into a slightly different form. Let r, denote the 
radius of the uniform core; let 


(2) =w (39) 


and let (30) be written in the form 


w 1 
-{, yde+ { ydx (40) 


Within the core A,=A and p,S,=pS. Hence, for r=w, y=1, 
whether defined by the exact equation (37) or by the approximate 
equation (38). Equation (40) may now be put into the form 


C=w+ (1—-w)y (41) 
in which (1—w)¥ represents the area BCDFSB of Figure 10 and y is 


the mean ordinate of the part of the curve between B and C, which 
refers to the variable region near the boundary. Any error in the 
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location of the curve y=f(x) due to using (38) instead of (37) cap 
affect only this outer part of the curve. 

We return to the consideration of p,/p. In normal operation the 
mouth of the nozzle is kept somewhat warmer than the cold core of 
the expanded jet by the flow of heat through the metal from the 
entrance end which is in contact with the warmer air entering it: 
and since the temperature of the surface film of air is largely, if not 
completely, controlled by that of the metal in contact with it, the 
temperature of the air at the boundary of the jet as it leaves the 
throat will be somewhere between the initial temperature 6, and the 
temperature 6 reached by isentropic expansion in the core. 

The greatest conceivable effect of this sort would be to prevent 
the surface film from cooling at all and make the expansion along the 
wall isothermal; and since the static pressure is sensibly uniform al! 
over A, the final density at the boundary would then be 


Pp 


Pa= Po 1 


The final density in the core, as given by (12) with y=1.40, is 


a ore 
P= Po (2) 


so that in the ideal extreme case we have 


Pa _ by 1 
veg) < 

At any intermediate radius between r=r, and r=a the value of 
vp,/p will always be between unity and the extreme lowest value 
given by (44); and if dy denotes the amount by which the mean 


ordinate 7 is overestimated when the variation of density is ignored, 
an outside limit for this error is given by 


dy Pa p\ 
par yeer(2) 


The resulting positive error in C is then, by (41, 45) 


dC= a—w)ay<a—w)| 1-(2)F |p (46 


and since 7 is always less than unity, an outside value for the error 


in ( is given by 
d —w (2\; 7 
C<(1 w)| 1 (2) (4 
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The effect of setting Q,=Q may be treated in a somewhat similar 
manner. Equation (35) shows that Q<1, and that as A, decreases 
toward the boundary of the jet Q, increases, its limiting value being 
Q,=1, if Aa=0. Ignoring this variation and setting Q,=Q for all 
values of r results in an underestimate of ¥ and of C, and {outside 
limits for these negative errors are given by 


5 (48) 


and 
—d’C<(1—w) (1-Q) (49) 


For numerical values we turn to the experimental data. The 
ereatest pressure drop at which any of the nozzles was calibrated 
was A=2.6 lb./in.?, and at this rate of flow the observed radius of 
the uniform core gave w=0.95 for the smallest nozzle. With these 
values, we find from (47) and from (85, 49) 


d0<0.0012; —d’C<0.0015 
This same nozzle running at A=0.6 lb./fin.? gave w=0.93, whence 
d0<0.0006; —d’C<0.0005 


At any given pressure drop the larger nozzles gave higher values of 
wand therefore lower values of dC and —d’C. 

It thus appears that the greatest conceivable errors in C which 
' could be caused by setting Q@,=Q in (37) are of the same order of 
' magnitude as those caused by setting p,=p, but of opposite sign, and 
that both kinds of error are separately very small. The approxima- 
tion involved in passing from (37) to (38) is therefore amply close 
' and (38) may be used without further scruple. 
This point having been established, the first step in finding the 
| discharge coefficient of a nozzle when running at a constant pressure 
' drop A, from the values of A, observed during the calibration, was 
' to plot the values of +/A,/A against those of (r/a)? and to draw, as 
nearly as possible through the resulting points, a smooth curve 


vise) me 


| such as is represented qualitatively by ABC in Figure 10. This was 
al approximation to the curve that would have been obtained from 
| perfectly accurate observations, made in the ideal manner with an 
| impact tip of negligible diameter, traversed exactly in the plane of 
» the section A. The area BECB was therefore measured, and a 


_ 
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provisional approximate value of the discharge coefficient of the 
nozzle was found from the relation 


C=1-—area BECB (51) 


Figure 11 shows three sample curves drawn from observations on 
a nozzle of 3.262 inches diameter with the impact tip of 0.02-inch 
diameter. The positions of the plotted points are subject to the 
errors of measuring the impact pressure and of setting the tip at the 
intended radius, the former being halved and the latter doubled. 
The uncertainty of setting was estimated to be about +0.003 inch, 
and this corresponds in Figure 11 to a horizontal displacement of 
nearly four of the smallest scale divisions, so that the abscissa of » 
point representing a single observation might be in error by this 
amount. Accidental errors were, however, partly eliminated in 


Fia. 11 


averaging a number of observations taken in different azimuths at 
the same nominal radius, and the smoothness of the curves indicates 
that the remaining accidental errors were small. 

But assuming that these errors are very small and that the curves 
are a sensibly accurate representation of the facts, it is evident that 
they differ systematically from what might be expected of an ideal 
calibration; for there can be no doubt that the air adheres to the 
nozzle, or that the speed of the stream, so long as it is still inside the 
nozzle, is entirely inappreciable at the wall;” and curves obtained 
from accurate observations made in the ideal manner would all 
meet at the point (@@=1, y=0) represented by D in Figures 10 and 11. 
It is the ideal curves that are needed in order that the graphics! 
method described above may give accurate values of C, so we must 
attempt to interpret the departures of the observed from the ideal 
curves and apply corrections for them. 


— 








2 In this connection see Stanton, Marshall, and Bryant, Report Adv. Comm. Aeron. (Great Britian), 
1919-20, 1, p. 51. 
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in a perfect nozzle the plane end would meet the cylindrical 
throat at a right angle and the section A would be in the plane of 
the end face instead of a little inside, as it is in any real nozzle because 
the corner can not be made perfect, even if it is not intentionally 
rounded off or chamfered to prevent damage in handling. 

If the end of the impact tip were ground perfectly flat and set so 
as, when moved out radially, to slide over the end of the nozzle, 
making perfect contact, with no clearance, the observations of 
impact pressure would be made in the plane of A, and the excess 
pressure in the impact tube would vanish as soon as the tip had been 
moved entirely outside the jet. 

if b denotes the radius of the tip, let 


a—b=P;. (ed ec 
a+ b\, (52) 
a+b=ry; (pa0n 


As long as r=r;, the whole mouth of the tip is exposed to the 
impact of the jet; when 2;<x<v1y,, the mouth is only partly exposed, 
the outer part being covered; and when x=2,; the mouth is com- 
| pletely closed. As the tip is moved out through the boundary of 
the jet, the excess pressure in it must vanish when 7=ry;, and curves 


| obtained in the way described would all meet at the point (r=zy, 
;y=0). 

In the case of Figure 11, a=1.631 inches and 6=0.01 inch, so that 
‘+: =0.988 and 2,;;=1.012. The lines marked J and JJ are drawn at 
these abscissas. Points on or to the left of J represent observations 
with the tip entirely inside the jet;-points between J and JJ represent 
observations with the tip partly outside the geometrical prolongation 
of the throat of the nozzle; and for points to the right of 7/—for 
example, points on line ///—the tip was entirely outside this pro- 
longation. 

The condition that the tip should make a perfect fit with the end 
face of the nozzle was, of course, not satisfied, and the effect of the 
clearance is very evident from the form of the outer part of the curves. 
A free jet from a nozzle always entrains the outside air and sets up 
a circulation in the vicinity. In some way which can not be specified 
this circulation caused an excess pressure in the slit between the edge 
of the tip and the end of the nozzle and gave a spurious reading 
which was not due to the impact of the jet. 

This induced circulation is maintained by viscosity, and the effects 
| of viscosity are proportional to the first power of the speed, whereas 
true impact pressure is proportional to the second power. It is 
therefore to be expected that the pressure due to the circulation will 
increase less rapidly with the speed of the jet than does the impact 








650 Bureau of Standards Journal of Research (Vol, 


pressure and will be relatively less pronounced at high than at low 
speeds. This means that in Figure 11 the observed points on line 
III should be lower as the value of A is higher, as they are, in fact, 
On the other hand, the absolute values of A, for these points should 
increase with A, and this expectation is also confirmed, though it js 
not at once evident from the figure. 

For very low jet speeds it is conceivable that the effects of the 
induced circulation might even extend inside the prolongation oj 
the throat of the nozzle; but, in general, it is to be expected that 
when the tip is entirely within this prolongation it will be free from 
such effects. Accordingly, we find that the observed points to the 
left of line J lie on curves which might, without violence, be made to 
pass through the point D’; and except for the lowest speed this js 
true also of the points at x=0.999, where the tip was nearly half 
outside the prolongation of the throat. 

The question now is, how ought the observed curves to be cor- 
rected so as to give values of C which are unaffected by the induced 
circulation and by the size of the tip? A precise answer is impossible, 
but our actual procedure was as follows: 

It was first assumed that if the clearance had been reduced to 
zero the curves would all have met at the point D’. The distance 
of D’ from D is 


2 
por=2h.+(2) : 


and if b/a were negligible, the two points would be sensibly coin- 
cident. The foregoing assumption means, therefore, that if the 
effects of induced circulation were eliminated and the diameter of 
the tip were negligible the curves would meet at D. This was accord- 
ingly taken to be one point on each corrected curve. 

It was then further assumed that as long as the tip was entirely 
within the prolongation of the throat of the nozzle the effective 
center of the tip was at its geometrical center. In other words, it 
was assumed that so long as r=a—b the speed computed from the 
observed A, by (34, 35) was the true speed at the radius r. This 
means that in Figure 11 the curves were taken to be correct, out a 
far as the line J. 

Each curve was then corrected by drawing a straight line from the 
point where it cut the line J to the point D. The area between this 
line and the curve as first drawn was measured, and its value was 
subtracted from the earlier, approximate value of C to give a final 
corrected value. 

With respect to the second of the two assumptions, it may be 
remarked that when the tip was barely inside the jet, with its geomet 
rical center at r=a—b, it was in a region of rapidly varying speed, 
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and that it is probable that its effective center was slightly displaced 
toward the axis of the nozzle. If so, the point where the curve cuts 
line J is too high and failure to allow for this makes the correction 
toosmall. On the other hand, the curve is doubtless convex through- 
out, and treating the last part as a straight line makes the correction 
to C too large. The compromise adopted, for want of anything 
better, gives only a rough estimate of the correction, put the whole 
value was insignificant in most cases. 

The curves given in Figure 11, which have been used for illustra- 
tion, are fairly typical of the numerous others, though the turnup at 
the end was often less pronounced and the curves sometimes came 
closer to the point corresponding to D. Consistency in this regard 
was not to be expected, because the clearance was not always the 
same, even for the same nozzle, but varied irregularly with the azimuth 
in which the slide carrying the impact tube was set. 

The corrections to C obtained from the curves for any one nozzle 
running at various rates did not differ greatly and an average value 
| was used for each nozzle at all values of A. These average values were 
; as given in Table 24. 

TABLE 24 





Correc- Correec- 
tion (to r tion (to 
be sub- Nozzle be sub- 
tracted) tracted) 





0. 0032 
. 0018 
- 0016 
. 0019 




















In view of the smallness of these corrections, it seems very unlikely 
that errors in the method of estimating them, described above, can 
in any case have affected the final value of C by as much as + 0.001. 
' Figure 12 shows the calibration curves giving the values of the 
| discharge coefficient C in terms of the pressure drop through the 
nozzle in inches of water. The separate points representing the 
different calibration runs are put in so that the reader may form his 
own opinion of the consistency of the observations on each nozzle. 
No curve is given for nozzle B-1, which was used in only one of the 
orifice tests recorded in this paper. 

Nozzles D-1 and A-2 were calibrated at higher differentials, and 
in each case three more points were obtained, which would be far 
off the sheet to the right but are entirely consistent with the curves 
/as shown. The highest nozzle differential in any of the orifice tests 
| was about 27 inches of water, so that Figure 12 gives the parts of the 
curves actually needed in reducing the observations on the orifices. 
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With the exception of the six points for D-1 and A-2, mentioned 
above, the points given represent all the calibrations that were made 
with the exploring tip of 0.02 inch diameter. In the earlier stages of 
the work a number of calibrations with several exploring tips of larger 
diameter were carried out and gave points which were considerably 
more scattered than those shown in the figure, probably because of 


Fic. 12.— Discharge coefficients of flow nozzles 


lack of experience in the manipulations. All these earlier observations 
were discarded. 
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The nozzles were not all employed to the same extent nor over the 
same range of differentials. In Table 25 column 3 gives the number of 
orifice tests in which each nozzle was used, each such test including 
observations on three orifices in series. Columns 4 and 5 give approxi- 
mate values of the greatest and least differentials at the nozzles in 
the orifice tests. The lowest differentials were measured on an inclined 
water manometer. 

Upon examination of Figure 12 it appears that (a) so far as can be 
judged, the points which determine each curve are consistent among 
themselves within about + 0.001 in the values of C; and (0) the best 
determined curves are those for the four nozzles (D-1, A-2, B-2, 
(-2) which were employed in most of the orifice experiments (336 
out of 363). 

Whether the different curves are consistent with one another is 
a question which could not be answered with certainty except by 
running two or moré nozzles in series. We had no facilities for this, 
but in a great many cases two or more nozzles were used in testing 
agiven orifice. If the discharge coefficients of the nozzles had not been 
consistent among themselves, the discharge coefficients of the orifice 
would have shown systematic variations, according to the flow 
nozzle used; but no such systematic variations were found. 

It seems to us probable that the absolute accuracy of the nozzle 
coefficients read from the curves which are represented on a small 
scale in Figure i2 was considerably better than +0.3 per cent; 
and we think that under favorable conditions of steadiness in the 
supply of air or gas, and with sufficient care in calibration by means 
of a fine impact tube nozzles of this character and of these sizes or 
larger may be made reliable as primary standard flow meters to 

within + 0.1 per cent. 


Appendix C. SIMILAR ORIFICES 


If a stream of fluid is forced along a pipe line at a fixed rate of 
discharge, any alteration of the line, such as the introduction of a 
valve or an elbow into what was previously a straight run of uniform 
pipe, modifies the motion for an appreciable distance ahead of the 
place where the change is made, and on the downstream side, eddies 
or whirls which may be set up are carried along for a considerable 
distance before dying out. Thus, the distribution of velocity and 
pressure at any fixed cross section depends on the nature of the line 
for some distance in both directions, and the discharge coefficient 
of an orifice installed in the line is influenced by the shape of the 
hearer parts of the piping, although changes of shape or disturbances 
set up at sufficiently distant points have no appreciable effect at 
& the orifice. 
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In treating the discharge coefficient of an orifice as a definite quan. 
tity it is therefore implied, and is always to be understood, that th 
nature of the line in which the orifice is installed is specified out to 
sufficient distance in both directions that changes at still greater dis 
tances have no further appreciable effect on the discharge coefficient, 

It is not necessary that the pipe be either straight or uniforn, 
although that is the simplest shape to describe. What is required js 
merely that all peculiarities of shape be specified in sufficient detgi 
that, aside from possible mechanical difficulties of construction, they 
could be reproduced, either on the same scale or on a different one, 
within such tolerances that the variations still permitted would not 
change the discharge coefficient by more than the accidental erro; 
of an experimental determination of its value. 

It is also to be noted that the part of the line that requires specif. 
cation may be limited to a comparatively short section by installing 
honeycombs or cellular grids a few pipe diameters before the upstream 
and after the downstream pressure tap. Such devices tend to protec! 
the intervening region from disturbances which may originate farther 
away from the orifice, so that the nature of the rest of the line is n 
longer of any importance. If this plan is adopted, the design ani 
location of the grids must evidently be included in the specification, 

To avoid circumlocution, the term ‘‘orifice’’ may be used to con- 


note all these important features of the piping as well as the orifice 
plate itself, and on this understanding any two “orifices of the same 
shape” are geometrically similar in all essential respects. If they ar 
also of the same size, they are mere duplicates, and under any given 
working conditions their discharge coefficients are equal. If they 
differ in size, their discharge coefficients will be equal under simile 
working conditions, if the term ‘‘similar”’ is suitably defined, and we 


have next to consider what meaning is to be assigned to “similar” 
in this connection. 

For any given fluid the working conditions may be defined by the 
initial pressure and temperature and the rate of discharge; but since 
an orifice may be tested with various fluids, a general definition 
of the “‘working conditions’? must include some reference to the 
properties of the fluid. 

To simplify matters, it will first be supposed that the fluid is: 
liquid, so that its properties are sensibly independent of pressure, and 
compressibility does not come into the problem. 

The discharge coefficient of a particular orifice for a given liquid st 
a given temperature may vary with the rate of discharge—that \; 
with the linear speed through the orifice—and if the properties of the 
liquid are varied, either by altering the temperature or by substitutin 
a different liquid, it may again be found that the discharge coefficient 
has changed. For present purposes the most obviously importall 
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properties of the liquid are its density and viscosity. Sufficiently 
precise experiments would doubtless reveal the effects of altering 
other properties, but under ordinary circumstances these effects are 
inappreciable and, in practice, the values of density and viscosity 
may be regarded as constituting a complete characterization of the 
liquid with respect to flow along pipes or through orifices. 

It follows from the foregoing that there is some relation connecting 
the discharge coefficient C with the speed of flow S, the density of 
the liquid p, and its viscosity ». In other words, there is some 


equation 
C=f(S,p,n) (54) 


which holds for this orifice and shows how its discharge coefficient 
depends on the working conditions specified by the values of S, p, 
and y. 

The mathematical form of the functional symbol or operator f 
remains entirely unknown until determined by experiment; but it is 
certain that some such equation exists, because changes of S, p, and 
u do sometimes affect the value of C, and the list of variables is 
complete because, so long as the orifice remains unchanged there is 
nothing else of importance that can be varied independently. 

For an orifice of another shape or size the operator f may be of 
somewhat different form, and an equation which should hold generally 
for all orifices would evidently have to contain a sufficient number of 
geometrical quantities to account for all possible variations of shape 
and size; but if the problem is limited to orifices of any one shape, 
the only additional independent variable needed is a single linear 


dimension such as the orifice diameter d, and there is some equation 


C= F(S,p,u,d) (55) 


‘which holds generally for all orifices of the given shape. 


The form of F depends on the shape and can be determined only by 


experiment, but it is subject to an important restriction which sim- 


plifies the experimental problem very much. This is the familiar 
condition that all the terms of the equation must be of the same 


dimensions. Now, the discharge coefficient ( is dimensionless, or of 
1 


vero dimensions, for it is a pure ratio, and its value is independent of 


the unit by which the actual and theoretical rates of discharge are 
measured. Hence, all the terms in the second member of (55) must 
also be of zero dimensions, and in order that this may certainly be 
true, regardless of the still unknown form of the operator F, it is 
necessary and sufficient that all the operands or quantities operated on 
should be of zero dimensions. 
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The quantities S, p, u, d do not satisfy this condition, and they can, 
therefore, not appear separately but only in combinations, each of 
which, taken as a whole, is of zero dimensions. The expression 


dSp 

aie =f Rp 
a (56) 

satisfies this requirement, as is evident upon substitution from the 

dimensional equations [d] = [I], [S]=[It"], [¢]=[ml*], and [x] =[ml"t’, 
and there is no other such combination. Hence, equation (55) js 

restricted to the more specific form 


0= =") - oR) (6 


The form of ¢ still remains to be found from experiment, but there 
is now only one independent variable R, instead of the four in (55): 
and when the experiments have been made, the results can be repre. 
sented within the experimental errors by a plane curve. 

The statement made above, that R is the only dimensionless con- 
bination of S, p, uw, d, is, of course, to be understood as meaning that 
there is no other combination which is independent of R. Such 
expressions as R*® or log R are also of zero dimensions, but their 
values are fixed by that of R and can not be varied independently 
of it. So long as the form of ¢ remains indeterminate, equation (57) 
is merely a statement that the value of C is fixed by that of R; and 
the introduction into the second member of any number of additional 
quantities, each one of which was itself completely determined by 2, 
would not change the meaning of the equation in any way. 

On the other hand, it is entirely permissible to replace R by any 
other quantity which is determined by R. In other words, in repre 
senting the results of experiment by a plane curve with C as ordinate, 
we may use any convenient function of R as the abscissa in place of 
R itself. 

For example, the mass flow M is connected with the density, the 
diameter of the orifice, and the mean linear speed through it, by the 
equation 


M =70'pS 


so that 
M _rdSp 
du 4p 
Hence, the quantity 
Sie? gm, 


may serve in place of R, and equation (57) is equivalent to an equatit 


O=y(R’)* (61) 
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Since the diameter ratio 8 is one element of “the given shape,’’ 
the pipe diameter D is fixed by d and the quantity 


ee NY * 
Du r = GbR (62) 


ss another possible substitute for R. Or if S, denotes the mean linear 
speed along the pipe, the quantity 


a sae BR (63) 


nay also serve as an independent variable; that is, as an abscissa 
against which observed values of C may be plotted as ordinates. 

In discussions of the loss of head in pipes the quantity R’’’ defined 
by (63) is commonly called ‘the Reynolds number,” though other 
xpressions derived from it might equally well receive that name, 
and the same term is often used of the analogous quantities which 
ecur in the investigation of other problems in fluid motion, such 
us the forces on airplanes. In the case of an orifice it may be applied 
to any one of the quantities defined by (56), (60), (62), and (63) or 
to any other quantity which is fixed by them. 

In any event, the conclusion reached by the argument from di- 
mensions may be expressed -by the statement that, for orifices of 
any one shape, the discharge coefficient for liquids is a function of 
the Reynolds number only. The values of @ for all orifices of the 
specified shape, whatever the absolute size of the orifice or the nature 
if the liquid or the rate of discharge, may be represented by a single 
‘urve which pertains to and is fixed by the particular shape in 
question; and when the curve has been determined by experiment 
he value of C under any future conditions may be found by com- 
puting the value of the Reynolds number for these conditions and 
eading the value of C from the curve. 

lf the Reynolds number has the same value in two different ex- 
periments on orifices of the given shape, the discharge coefficients 
will be equal, and the phrase “similar working conditions,” which 
Was used earlier, is to be interpreted as meaning ‘conditions under 
vhich the Reynolds number has the same value.” This state of 
uffairs—geometrically similar orifices operating under similar work- 
ing conditions or at the same Reynolds number—is often described 
by saying that the phenomena are ‘dynamically similar,” and the 
quality of the discharge coefficients of geometrically similar orifices 
at equal values of the Reynolds number is a particular result of what 
is commonly known as the “principle of dynamical similarity.” 

The foregoing discussion has referred only to liquids, and in order 
0 extend it to gases the additional property of compressibility must 
be taken into account. This presents no great difficulty, but without 
any further development of the dimensional reasoning it is sufficiently 
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obvious that if the fall of pressure at the orifice is only a small frap. 
tion of the absolute static pressure the change of density can have 
only an insignificant effect, and the gas will behave sensibly like q 
liquid. If the curve C=¢ (R) has been determined for orifices of g 
particular shape by experimenting on liquids, the same curve js 
therefore applicable to gases, provided that the percentage differentia 
is very small. Hodgson’s experimental results are in entire agree. 
ment with this statement. 

Since the purpose here has been merely to present the idea of 
the Reynolds number and to emphasize its importance for the benefit 
of readers who are not already familiar with the subject,” it is unne- 
essary to enter upon a detailed discussion of the experimental data 
which have been published or of the forms of the curves for orifices 
of different diameter ratios. The data have been examined, and the 
conclusion drawn from them regarding the effects of viscosity in 
commercial orifice meter practice has been stated in section 24 of 
the body of the paper. 


Wasuineton, August 22, 1928. 








2 For further discussion of the dimensional method see E. Buckingham, Model experiments and the 
forms of empirical equations, Trans. Am. Soc. Mech. Eng., 37, p. 262; 1915. 
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